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Cytokines, such as tumor necrosis factor-� (TNF�), po-
tently inhibit the differentiation of mesenchymal cells
and down-regulate the expression of Sox9 and MyoD,
transcription factors required for chondrocyte and myo-
cyte development. Previously, we demonstrated that NF-
�B controls TNF�-mediated suppression of myogenesis
through a mechanism involving MyoD mRNA down-
regulation. Here, we show that NF-�B also suppresses
chondrogenesis and destabilizes Sox9 mRNA levels.
Multiple copies of an mRNA cis-regulatory motif (5�-
ACUACAG-3�) are necessary and sufficient for NF-�B-
mediated Sox9 and MyoD down-regulation. Thus, in re-
sponse to cytokine signaling, NF-�B modulates the dif-
ferentiation of mesenchymal-derived cell lineages via
RNA sequence-dependent, posttranscriptional down-
regulation of key developmental regulators.
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In multicellular organisms, control of proliferation, dif-
ferentiation, and apoptosis is essential for survival. De-
fects in cell differentiation can lead to aberrations in
other cellular processes, resulting in diseases such as
cancer (Scott 1997). Mesenchymal progenitor cells give
rise to the skeletal cells, including myocytes, chondro-
cytes, osteoblasts, and adipocytes (Pittenger et al. 1999;
Caplan and Bruder 2001). Notably, cytokines such as tu-
mor necrosis factor-� (TNF�) can inhibit the differentia-
tion of mesenchymal stem cells (Filipak et al. 1988; Gil-
bert et al. 2000) and suppress the expression of genes
important for their differentiation (Guttridge et al. 2000;
Murakami et al. 2000; Gilbert et al. 2002; Ruan et al.
2002). However, the molecular mechanism underlying
this suppression is not known.
Nuclear factor � B (NF-�B) complexes are dimeric, se-

quence-specific transcription factors that regulate the
expression of a large number of genes in response to a
variety of cellular conditions, including infection and in-

flammation (Silverman and Maniatis 2001; Ghosh and
Karin 2002; Li and Verma 2002). There are five distinct
NF-�B proteins, p65/RelA, c-Rel, RelB, NF-�B2/p52 and
NF-�B1/p50, each containing a Rel homology domain
that mediates DNA binding and dimerization. In the ab-
sence of stimuli, NF-�B is sequestered predominantly in
the cytoplasm by inhibitory I�B proteins. Stimulation by
effectors such as TNF�, interleukin-1 (IL-1), viral pro-
teins, and double-stranded RNA, triggers I�B phosphory-
lation and degradation, NF-�B nuclear translocation, and
transcriptional regulation of target genes (Silverman and
Maniatis 2001; Ghosh and Karin 2002; Li and Verma
2002). Generally, NF-�B is described as a transcriptional
activator, and there is ample data demonstrating that
NF-�B positively regulates transcription. However, there
is also some evidence that NF-�B can repress transcrip-
tion. For example, the p50 NF-�B subunit, which binds
DNA but lacks transcriptional activation domains, may
inhibit the transcription of certain genes through inter-
action with transcriptional corepressors such as
HDAC-1 (Zhong et al. 2002).
Recently, we demonstrated that NF-�B can inhibit the

differentiation of mesenchymally derived skeletal
muscle cells (Guttridge et al. 2000). TNF�-mediated ac-
tivation of NF-�B in C2C12 myoblasts led to a dramatic
decrease in endogenous MyoD mRNA levels. Expression
of the p65 subunit of NF-�B induced the loss of coex-
pressed MyoD message, and a fragment of the MyoD-
coding sequence fused to a heterologous gene conferred
NF-�B-dependent loss of that chimeric mRNA. These
data suggested that the mechanism underlying MyoD
mRNA down-regulation and inhibition of muscle-cell
differentiation involves a unique posttranscriptional si-
lencing mechanism. Cartilage, another mesenchymal-
derived cell lineage, is a highly specialized connective
tissue that is important for skeletal development (de
Crombrugghe et al. 2001; Shum and Nuckolls 2002). The
transcription factor Sox9 is required for cartilage devel-
opment (Bi et al. 1999; Panda et al. 2001), and loss of
Sox9 causes campomelic dysplasia, a dominant skeletal
disease (Foster 1996; Schafer et al. 1996). Sox9 expression
has been shown to be down-regulated by cytokines such
as TNF� and IL-1 (Murakami et al. 2000), which may
explain the deleterious role of inflammatory cytokines
in diseases such as rheumatoid arthritis and osteoporosis
(Fujita et al. 1990; Chen and Goeddel 2002). Cytokine-
induced NF-�B inhibits Sox9 expression and activity
(Murakami et al. 2000), however, it is not known
whether this occurs at the transcriptional or posttran-
scriptional level. Additionally, functional characteriza-
tion of the Sox9 promoter (Kanai and Koopman 1999) did
not identify binding sites for NF-�B, suggesting that
posttranscriptional regulatory pathways may regulate
NF-�B-mediated inhibition of Sox9.
Here, we report that NF-�B suppresses chondrogenesis

and controls the loss of Sox9 mRNA. Furthermore, NF-
�B-mediated loss of both MyoD and Sox9 mRNAs re-
quires a 5�-ACUACAG-3� motif present multiple times
in the mRNAs. Our data can explain, at least partly, the
ability of inflammatory cytokines, such as TNF�, to sup-
press differentiation of mesenchymal-derived cells, and
they demonstrate a novel mechanism by which NF-�B
can silence gene expression.
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Results and Discussion

NF-�B inhibits chondrocytic differentiation
and mediates posttranscriptional
down-regulation of Sox9 mRNA

Cytokines, such as TNF� and IL-1 can potently
inhibit the differentiation of chondrocytes, the
precursors of cartilage (Murakami et al. 2000). To
determine whether TNF�-mediated inhibition of
differentiation of chondrocytes was mediated by
or required NF-�B, we performed differentiation
experiments in the chondrocytic cell line
MC615-TRexI, which stably expresses a Tet-pro-
moter inducible I�B� super-repressor (I�B�-SR)
construct. We first determined that doxycycline
(dox) induction of I�B�-SR in MC615-TrexI cells
blocked TNF�-mediated NF-�B DNA-binding ac-
tivity in electromobility shift assays (data not
shown). Confluent cells were driven toward
chondrocytic maturation by culturing in differen-
tiation medium (DM), and we examined the for-
mation of a cartilage-like matrix containing
sulfated glycosaminoglycans by histochemical
staining with Alcian blue. Cells grown in DM
showed increased Alcian blue staining compared
with cells grown in rich growth medium (GM).
As expected, TNF�-treated cells grown in DM
showed decreased staining, indicating inhibition

of chondrocytic differentiation (Fig. 1). In contrast, dox-
induction of I�B�-SR promoted chondrocytic differentia-
tion in both untreated and TNF�-treated MC615 cells
grown in DM. These results demonstrate a definitive
role for NF-�B in modulating the differentiation of chon-
drocytic cells.
It has been reported that TNF� treatment of MC615

chondrocytic cells leads to the NF- �B-dependent loss of
Sox9 (Murakami et al. 2000), a transcription factor that is
required for cartilage differentiation. However, the
mechanism underlying this process is not known. We
sought to determine whether NF-�B-mediated down-
regulation of Sox9 mRNA occurs through a mechanism
similar to the loss of MyoD in TNF�-induced suppres-
sion of myocyte differentiation. To address whether
TNF�-mediated regulation of Sox9 is dependent on NF-
�B, we first examined endogenous Sox9 expression in
MC615 chondrocytic cells by Northern analysis. After
reaching 80%–90% confluency in growth medium,
MC615 cells were switched to differentiation medium
for 2–3 d, and then subject to TNF� treatments. All cells
were cultured for the same total time. Total RNA from
untreated or TNF�-treated cells were harvested and hy-
bridized with a Sox9 cDNA probe (Fig. 2A). Sox9 mRNA
expression was potently inhibited by TNF� treatment
starting at 1 h, with complete inhibition seen at 8 h.
Interestingly, destabilization of Sox appears to be bipha-
sic, with an initial decrease in message at 1 h and a
second decrease at 8 h. The kinetics of RNA loss is simi-
lar to that observed in previously published work de-
scribing inhibition of Sox9 mRNA by TNF� and IL-1
(Murakami et al. 2000). To determine whether TNF�-
induced loss of Sox9 transcript was mediated by NF-�B,
we examined Sox9 expression by Northern analysis in
MC615-TRexI chondrocytes stably expressing I�B�-SR.

Figure 1. NF-�B inhibits mesenchymal chondrocytic differentia-
tion in vivo. MC615 cells expressing Tet-I�B-SR were cultured in
growth medium (GM) or differentiation medium (DM) and grown in
the absence or presence of TNF� and doxycycline to induce I�B�-SR.
Cells were stained with alcian blue to determine extent of matrix
formation containing sulfated glycosaminoglycans, an indicator of
chondrocytic differentiation. Increased alcian blue staining is seen
in cells grown in DM in the absence TNF�, as well as in the pres-
ence of TNF� and dox-induced I�B�-SR.

Figure 2. NF-�B regulates Sox9 expression in chondrocytic cells. (A) TNF regu-
lates Sox9 expression in chondrocytic cells. Total RNA from TNF�-treated
MC615 chondrocytic cells was harvested at the indicated time points and hy-
bridized with a Sox9 cDNA probe. Loss of Sox9 mRNA is seen with TNF�
treatment. (B) TNF-induced loss of Sox9 mRNA requires NF-�B activity. Sox9
mRNA levels in MC615-TRexI chondrocytes stably expressing Tet-inducible
I�B�-SR were examined by Northern analysis. A representative blot shows sta-
bilization of Sox9 message in dox-treated cells. Graph shows quantitation of
Sox9 transcripts relative to the zero time point (=value 100). (C) NF-�B p65
subunit mediates regulation of Sox9 expression and does not require the Sox9
promoter. 10T1⁄2 fibroblasts were transfected with a Sox9 expression vector and
either pcDNA3.1 vector or CMV-p65, ±TNF� treatment. Northern analysis was
performed to detect Sox9 expression.
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We observed that Sox9 expression is inhibited with
TNF� treatment and dox-induction of I�B�-SR resulted
in loss of sensitivity to TNF�. These results, which are
quantitated in the corresponding graph, demonstrate
that NF-�B mediates down-regulation of Sox9 (Fig. 2B).
The incomplete stabilization of Sox9 mRNAmay be due
to incomplete inhibition of NF-�B activity by I�B�-SR or
to an NF-�B-independent down-regulation of Sox9
mRNA.
We next asked whether NF-�B-mediated regulation

of Sox9 occurred transcriptionally through a promoter-
dependent mechanism and examined whether ex-
pression of a Sox9 construct under the control of the
CMV promoter was affected by the p65 subunit of
NF-�B. Northern analysis revealed that CMV-Sox9
expression was inhibited by either p65 or TNF� com-
pared with vector control (Fig. 2C). The presence of both
TNF� and p65 resulted in even greater loss of Sox9
mRNA. These results demonstrate that NF-�B p65-
dependent down-regulation of Sox9 is not dependent
on its promoter, but occurs posttranscriptionally (see
below).

NF-�B mediates posttranscriptional down-regulation
of MyoD

Similar to the cytokine-mediated down-regulation of
Sox9, TNF� can down-regulate MyoD expression in an
NF-�B-dependent manner (Guttridge et al. 2000). MyoD
down-regulation appears to occur through a post-
transcriptional mechanism on the basis of the observa-
tion that the MyoD promoter itself was not required
for regulation by NF-�B. To determine whether NF-�B
can regulate the transcription of the endogenous
MyoD gene, nuclear run-on assays were performed.
Results from these experiments demonstrated that tran-
scription of MyoD was largely unaffected after 4
h of TNF� treatment, despite the virtually com-
plete loss of endogenous MyoD mRNA assayed
by Northern analysis (Fig. 3A). I�B� exhibited in-
creased TNF�-dependent transcription, as ex-
pected for an NF-�B-regulated gene, and GAPDH
remained unchanged. Together, these results
clearly establish that TNF�-induced down-
regulation of MyoD mRNA occurs posttranscrip-
tionally.
We next sought to identify the cis-regulatory

elements required for NF-�B-dependent down-
regulation of MyoD. A fragment encompassing
sequence elements from 539 to 914 of MyoD
fused to the GADPH gene conferred NF-�B-de-
pendent down-regulation of the chimeric RNA
(Guttridge et al. 2000). To further map a minimal
cis-regulatory region in the MyoD mRNA re-
quired for regulation by NF-�B, we created two
smaller deletions within the 539–914 region and
tested their ability to confer down-regulation on
the heterologous GAPDH mRNA. Northern
analysis of transiently transfected 10T1⁄2 cells
showed that MyoD �748–914–GAPDH is resis-
tant to NF-�B regulation (Fig. 3B). In contrast, the
MyoD 720–853–GAPDH construct retained sen-
sitivity to NF-�B, thus defining a 130-nucleotide
region within the MyoD mRNA as a crucial cis-
regulatory element.

Conserved cis-regulatory elements are required
for NF-�B-dependent, posttranscriptional
down-regulation of Sox9 and MyoD mRNAs

Using a Pustell DNA matrix analysis to identify regions
of similarity within MyoD 720–853 (MacVector Soft-
ware), we initially discovered two 9-nucleotide motifs
located near the boundaries of that fragment of the
sequence 5�-ACTACAGTG-3� (written here and below
as DNA sequence; Fig. 4). Another similar sequence,
5�-AtTACAGcG-3� (repeat 1.1), was found between
these 9-nucleotide repeat elements. The deletion con-
struct that eliminated the most 5� of these motifs
(MyoD�748–914) was resistant to p65-dependent down-
regulation (Fig. 3B), suggesting that the first ACTA
CAGTGmotif plays a significant role in this process. To
investigate the potential function of the 9-nucleotide
motifs, we introduced point mutations within each mo-
tif in the context of the full-length MyoD sequence and
tested for NF-�B-dependent degradation in transiently
transfected 10T1⁄2 cells (Fig. 5A). Northern blot analysis
revealed that point mutations generated in either motif
(ACTACAGTG � ATTATTCGG) abrogated p65-depen-
dent destabilization of MyoD mRNA, suggesting that
both intact motifs are required for full NF-�B-mediated
regulation of MyoD expression.
Interestingly, a core 7-nucleotide sequence (ACTA

CAG), as well as other homologous nucleotides, are
highly conserved in mouse and human MyoD sequences
(Fig. 4A). Scanning of Sox9 for distinctive motifs revealed
a 7-nucleotide repeat (ACTACAG) that is present three
times within a 250-nucleotide region in the middle of
the mRNA-coding sequence (Fig. 4A). This motif in Sox9
is identical to the first 7 nucleotides of the ACTAC
AGTG repeat found in MyoD, and is also conserved be-
tween mouse and human Sox9 sequences, suggesting
that down-regulation of Sox9 andMyoD involves similar

Figure 3. NF-�B down-regulates MyoD expression via a posttranscriptional
mechanism. (A) Nuclear run-on and Northern blot assays were performed to
analyze MyoD expression in untreated and TNF�-treated C2C12 cells. Tran-
scription of GAPDH and I�B� were measured as negative and positive controls
for NF-�B activation, respectively. TNF� (4 h) treatment does not result in
significantly altered MyoD transcription, although MyoD mRNA levels are de-
creased by Northern assay. GAPDH expression was unaffected and I�B� mRNA
levels were increased by TNF� treatment. (B) Expression analysis of different
GAPDH–MyoD fusion constructs were performed by Northern analysis of RNA
from transiently transfected 10T1⁄2 cells. TheMyoD (539–914)–GAPDH fusion is
down-regulated by p65 (cf. lanes 1 and 2). A construct containing a deletion of a
region containing the 9-nucleotide motifs, MyoD (D748–D914), is insensitive to
regulation by NF-�B. A 133-nucleotide fragment containing both motifs, MyoD
(720–853)–GAPDH is down-regulated in a p65-dependent manner.
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mechanisms. Given the similarity of the motifs present
in both MyoD and Sox9, we investigated whether the
7-nucleotide motifs present in Sox9 were required for
regulation by NF-�B. We introduced mutations into the
first repeat sequence (ACTACAG�ATTATTC, see Fig.
4B) and analyzed Sox9 expression in the absence or pres-
ence of p65. Whereas the wild-type Sox9 sequence is
down-regulated in the presence of p65, mutation of ei-
ther the first and second ACTACAG motif (Sox9-m1)
stabilized the Sox9 mRNA (Fig. 5B).
To determine whether the ACTACAG motifs could

specify down-regulation by NF-�B, we introduced an oli-
gonucleotide containing a single motif into two posi-
tions within GAPDH and assayed their effect on the sta-
bility of the chimeric GAPDHmRNA (Figs. 4A, 5C). The
oligos were spaced 125 nucleotides apart within the cen-
tral coding region of GAPDH, similar to the spacing of
the motifs within MyoD. After transient transfection of
10T1⁄2 cells, we examined the expression of wild-type
and chimeric GAPDH transcript (E5) by Northern analy-
sis. The expression of GAPDH–E5 was similar to wild-
type GAPDH (Fig. 5C, lanes 3,5). We observed almost
complete destabilization of the GAPDH–E5 transcript in
the presence of p65, whereas both the wild-type con-
struct, as well as endogenous GAPDH, remained unaf-
fected by p65 expression (Fig. 5C, lanes 4,6). The ability
of the E5 oligo to confer p65-mediated down-regulation
of GAPDH, a transcript that is not typically regulated
by NF-�B, demonstrates that this short sequence con-
taining the ACTACAG motifs is sufficient to generate
an NF-�B response. These results suggest that the AC-
TACAG motifs represent, presumably indirect, NF-�B-
responsive elements in the MyoD and Sox9 mRNAs
(also see below). In sum, our results indicate that the
conserved ACTACAGmotifs are both necessary and suf-
ficient for NF-�B-mediated Sox9 and MyoD down-regu-
lation, demonstrating a novel mechanism by which NF-

�B regulates gene expression and modulates cell
differentiation.

Conclusions

Our data demonstrate that NF-�B can modulate
the differentiation status of mesenchymal-de-
rived cell lineages in response to cytokine signal-
ing, and that NF-�B-dependent inhibition of
chondrocytic and myocytic differentiation occurs
through the posttranscriptional down-regulation
of the key developmental regulators, Sox9 and
MyoD. Using mutagenesis experiments, we have
established that this down-regulation requires a
novel ACTACAG motif found multiple times in
the coding region of both mRNAs, and demon-
strated that a short oligo containing this motif is
sufficient to confer NF-�B-dependent destabiliza-
tion of a heterologous mRNA. Interestingly, the
ACTACAG heptamer, as well as some additional
nucleotides close to each motif, is conserved in
both mouse and human MyoD and Sox9 se-
quences (Fig. 4). The significance of the addi-
tional conserved nucleotides remains to be deter-
mined. It is also not clear whether the localiza-
tion or spacing of the repeat elements within the
coding regions of Sox9 and MyoD is significant.
The ACTACAG motif may form a binding site
for a factor that regulates the stability of Sox9 and

MyoD mRNAs. Preliminary secondary structure analy-
sis using Mfold 3.0 (M. Zuker, Washington University,
and the NRCC) suggests that the ACTACAG motif may
form part of a stem-loop structure. However, because
NF-�B transcriptional activity is required for down-regu-
lation of MyoD (Guttridge et al. 2000), it is likely that
NF-�B does not directly interact with this motif, but
rather, induces the expression of a factor that regulates
RNA stability. This hypothetical factor could directly
promote RNA degradation, or inhibit RNA stability.
Several studies indicate that NF-�B can inhibit gene

expression in other mesenchymal cell lineages. For ex-
ample, it has been shown that TNF� stimulation of adi-
pocytes suppressed expression of adipocytic genes, in-
cluding PPAR�, as well as induced pre-adipocytic genes,
in an NF-�B-dependent manner (Xing et al. 1997; Ruan et
al. 2002). It has also been reported that TNF�-mediated
down-regulation of the transcription factor Runx2/CbfaI,
which is required for osteoblast differentiation (Karsenty
2001; Komori 2002), occurs at multiple levels, including
RNA destabilization and transcriptional repression (Gil-
bert et al. 2002). Interestingly, the Runx2/Cbfa1 mRNA-
coding sequence contains similar, but not perfect, AC
TACAG motifs. Thus, it seems likely that both tran-
scriptional and posttranscriptional mechanisms may be
used by NF-�B to regulate the differentiation of other
mesenchymal lineages and/or the expression of other
genes. It will be important to determine the breadth of
the NF-�B-mediated, posttranscriptional down-regula-
tion of mRNAs through this RNA sequence-dependent
mechanism in order to relate this process to inflamma-
tory disorders and oncogenesis.

Materials and methods
Constructs
NF-�B p65, I�B�, I�B�-SR, GAPDH, full-length MyoD (pcDNA3–MyoD),
and MyoD (539–914) and MyoD 539–914–GAPDH fusion constructs

Figure 4. The coding sequences of MyoD and Sox9 contain multiple ACTCAG
motifs. (A) Sequence alignment of repeat motifs in MyoD and Sox9 mouse and
human sequences. Conserved nucleotides indicated with bold type. S represents
C or G. The E5 oligo used in the experiment shown in Figure 5B is indicated. (B)
Position and spacing of wild-type and mutant repeat motifs within MyoD and
Sox9. Sequence of wild-type and mutant repeats is shown with mutated nucleo-
tides in bold.
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were described previously (Guttridge et al. 2000). MyoD �748–914 was
created by excising a 75-nucleotide fragment in pcDNA–GAPDH–MyoD
539–914 with NarI and MluI, filling in and religating the plasmid. The
deletion maintains an ORF within the mouse MyoD fragment. MyoD
720–853 fragment was PCR amplified from pcDNA3–MyoD using the
following oligos: 5�-CTGCAGAACCAAAGGCTTGGCAGCGAGCAC
TACAGT-3� and 5�-ATGCATCCAAAGGCTTTGCACTGTAGTAGG
CGGTGT-3�, digested with BstXI and subcloned into the GAPDH BstXI
site. Full-length mouse Sox9 was amplified by reverse transcriptase PCR
(RT–PCR) from MC615 total RNA, with the following oligos: 5�-
CGAATTCCGTATGAATCTCCTGGACCC-3� and 5�-CGGGATCCAT
CATCTCGGCCATCGTCG-3�, and subcloned into pcDNA3.1 vector
(Invitrogen). pcDNA3–MyoD and Sox9 mutant constructs were made
using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) with
the primers for MyoD (mMD-1/5�, CCCCCGGGCCGTGGCAGCGAG
CATTATTCGGGCGACTCAGACGCG; mMD-1/3�, CGCGTCTGAGT
CGCCCGAATAATGCTCGCTGCCACGGCCCGGGG; mMD-2/5�, GG
CTACGACACCGCCTATTATTCGAGGCGGTTCGCGAGTCC; mMD-
2/3�, GGACTCGCGAACCGCCTCCGAATAATAGGCGGTGTCGTA
GCC) and for Sox9. Mutated nucleotides are indicated in bold. Tet-
inducible I�B�-SR (TRex-I�B�-SR) was constructed by subcloning a
HindIII/SmaI human I�B�-SR fragment into theHindIII/SmaI of pcDNA/
TO/Myc/HisA (Invitrogen). For GAPDH–E5, first oligos 5�-CATG
GCAGCGAGCACTACAGTGGA-3� and 5�-CATGTCCACTGTAGTG
CTCGCTGC-3� were annealed and subcloned into GAPDH NcoI
site, then oligos 5�-CCAGCGAGCACTACAGTGGATGCA-3� and 5�-

TCCACTGTAGTGCTCGCTGGTGCA-3� were annealed and
subcloned into GAPDH NsiI site.

Cell culture and histochemical analysis
C2C12 and 10T1⁄2 cells were obtained from ATTC. Dr. B. Olsen
kindly provided the chondrocytic cell line, MC615 (Mallein-
Gerin and Olsen 1993). C2C12 and MC615 cells were main-
tained in growthmedium (GM) containing DMEM-H, 20% fetal
bovine serum, 100 µg/mL penicillin and 100 µg/mL streptomy-
cin (Sigma). For C2C12 myogenic differentiation, cells were
changed to DMEM containing 2% horse serum, 5 µg/mL insu-
lin and pen/strep. For MC615 chondrocytic differentiation, cells
were grown to 80%–90% confluency and changed to differen-
tiation medium [DM: DMEM-H 5% FCS containing 50 µg/mL
ascorbic acid (Invitrogen)], and 10 mM �-glycerophosphate
(Sigma) for 2–3 d. NF-�B activation was induced with 20 ng/mL
rhTNF� (Promega). Transient transfections were carried out using
Fugene6 (Roche) according to the manufacturer’s instructions.
MC615 stably expressing I�B-SR (MC615-TRexI) were gener-

ated with the TRex system (Invitrogen). Briefly, MC615 cells
were cotransfected with TRex-I�B-SR and pcDNA6/TR, which
expresses the Tet repressor under the control of the human
CMV promoter. Stable integrants were selected with Blasticidin
(5 µg/mL) and Zeocin (250 µg/mL) and individual clones were
tested for tetracycline/doxycycline induction of I�B�-SR ex-
pression by Western blot (data not shown).
Chondrogenic differentiation was determined by staining of

sulfated glycosaminoglycans with Alcian Blue 8GX (pH 1;
Sigma), as described (Asahina et al. 1996). Briefly, cells were
washed with PBS, fixed with 4% paraformaldehyde for 10 min,
and stained with 0.5%Alcian Blue 8GX in 0.1 NHCl overnight.

Nuclear run-on assays
For each condition, 4 × 106 cells were harvested and incubated
on ice for 3 min in lysis buffer (10 mM Tris-HCL at pH 7.4, 10
mMNaCl, 3 mMMgCl2, 0.5% NP-40). Nuclei were pelleted by
centrifugation at 500g, resuspended in 100 µL Nuclear Freezing
buffer (50 mM Tris-HCl at pH 8.3, 40% glycerol, 5 mM MgCl2,
0.1 mM EDTA at pH 8) and either frozen at −80°C or used
immediately. For the run-on reaction, 30 µL of 5× Run-on buffer
(25 mM Tris-HCl at pH 8; 12.5 mM MgCl2; 750 mM KCl; 1.25
mM each of ATP, GTP, and CTP; and 100 µCi [�32P]UTP) and
0.06% Sarkosyl was added to 100 µL of nuclei on ice. Reactions
were allowed to proceed at 30°C for 30 min, after which DNase
I (Promega) was added and incubation proceeded for another 15
min. at 30°C. RNA was isolated from nuclei with Trizol (Invit-
rogen). Plasmid fragments were electrophoresed and dot-blotted
on nylon membrane. Membranes were hybridized with 3 × 106

cpm of transcribed RNA for 16–24 h, then washed three to four times with
2× SSC, and analyzed by autoradiography.

Northern blot assays
Total RNA was isolated from cells from a confluent 100-mm plate using
Trizol (Invitrogen). 5–20 µg of RNA was electrophoresed on a denaturing
formaldehyde gel and transferred onto a nylon membrane (HyBond-NX,
Amersham). RNAs were UV-cross-linked to the membrane and hybrid-
ized using ExpressHyb (Clontech) according to the manufacturer’s in-
structions. Northern blot data was quantitated using Scion Image (NIH),
normalized to endogenous GAPDH levels and multiplied by a factor of
100 for presentation purposes. Experiments were repeated at least three
times.
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Figure 5. The ACTACAG motifs are required for NF-�B-dependent mRNA
destabilization. Representative Northern blots are shown with data quantitated
in corresponding graphs. (A) MyoD mutants were generated within the context
of the full-length coding sequence (see Fig. 4B). 10T1⁄2 cells were transfected with
wild-type or mutant MyoD constructs and with or without p65. MyoD con-
structs with mutations in either motif (m1 or m2) are largely resistant to p65-
mediated down-regulation compared with wild-type MyoD. (B) A 7-nucleotide
motif in Sox9 is similar to the 9-nucleotide MyoD motif and required for effi-
cient down-regulation by NF-�B. Mutations in Sox9 were generated within the
context of the full-length coding sequence. The Sox9 m1 and m2 mutants were
insensitive to down-regulation by p65 compared with wild-type Sox9. (C) A
short oligonucleotide containing the ACTACAG motif is sufficient to confer
p65-dependent destabilization of GAPDH–E5. The sequence and position of the
E5 oligo is shown. Transfected constructs are indicated by an arrow. Endogenous
GAPDH expression is indicated with an asterisk.
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