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Increased expression of metalloprotease-disintegrin ADAM12
is a hallmark of several pathological conditions, including can-
cer, cardiovascular disease, and certain inflammatory diseases
of the central nervous system or the muscoskeletal system. We
show that transforming growth factor g1 (TGFp1) is a potent
inducer of ADAM12 mRNA and protein in mouse fibroblasts
and in mouse and human mammary epithelial cells. Induction of
ADAM12 is detected within 2 h of treatment with TGFf1, is
Smad2/Smad3-dependent, and is a result of derepression of the
Adam12 gene. SnoN, a negative regulator of the TGF 3 signaling
pathway, is a master regulator of ADAMI12 expression in
response to TGFB1 stimulation. Overexpression of SnoN in
NIH3T3 cells reduces the magnitude of ADAM12 induction by
TGFB1 treatment. Down-regulation of SnoN expression by
short hairpin RNA enhances TGFf1-induced expression of
ADAM12. In a panel of TGF31-responsive cancer cell lines with
high expression of SnoN, induction of ADAM12 by TGEf1 is
significantly impaired, suggesting that the endogenous SnoN
plays a role in regulating ADAM12 expression in response to
TGEFB1. Identification of SnoN as a repressor of the ADAMI12
gene should contribute to advances in the studies on the role of
ADAM12 in tumor progression and in the development of other
pathologies.

ADAM12, a member of the metalloprotease-disintegrin fam-
ily of proteins, has been implicated in the progression of cancer,
cardiovascular disease, osteoarthritis, and neurological disor-
ders (1). The ADAMI2 gene is frequently mutated in human
breast cancers (2, 3), and cancer-associated mutations cause
mislocalization of the ADAM12 protein in cells and alter its
function (4). Missense single nuclear polymorphism in the
ADAM]I12 gene shows strong association with osteoarthritis
(5, 6). In addition to changes in its amino acid sequence, expres-
sion levels of ADAMI2 are significantly increased in many
pathological states. For example, ADAM12 expression levels
are 20 —30-fold higher in human breast tumors than in normal
mammary epithelium (7-12). ADAMI12 expression is also
markedly up-regulated in cancers of the liver, lung, stomach,
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colon, prostate, bladder, and in glioblastoma (13-18). In-
creased ADAM12 expression levels are found in the cardiac
tissue of patients with hypertrophic obstructive cardiomyopa-
thy (19) and in mice with angiotensin II-induced hypertension
and cardiac hypertrophy (20, 21). During inflammatory
responses and aseptic osteolysis associated with loosened hip
replacement implants, ADAMI12 is up-regulated in the inter-
face tissue around loosening implants (22). In experimental
autoimmune encephalomyelitis, an animal model of multiple
sclerosis, ADAM12 level is markedly increased in the T cells
that infiltrate spinal cords (23).

The mechanisms regulating ADAM12 expression, in partic-
ular those that may be responsible for altered levels of
ADAM12 in various pathological states, are poorly understood.
Previous studies employing hepatic stellate cells, a mesenchy-
mal cell type in hepatic parenchyma, have indicated that
ADAM12 expression is induced by transforming growth factor
B (TGFB)? (13, 24). The TGFS signaling pathway is initiated
when one of the family members, e.g. TGEB1, -32, or -33, binds
toa complex of TGF type I and type Il serine/threonine kinase
receptors (TBRI and TBRII, respectively) and induces phos-
phorylation and activation of TBRI by TBRIL TSBRI then phos-
phorylates receptor Smads (R-Smads), Smad2 and Smad3.
Phosphorylated Smad2/3 associate with the common partner
Smad4 and translocate to the nucleus, where they regulate
transcription of target genes (25, 26). In addition, receptor
activation in certain cell types leads to Smad-independent
responses via the activation of mitogen-activated protein
kinases (MAPKSs), phosphoinositide 3-kinase, and Rho fam-
ily members (27, 28).

SnoN and the related Ski protein are negative regulators of
TGEP signaling. They bind to nuclear Smad complexes and
repress their transcriptional activities (29-31). In response to
TGEFP stimulation, SnoN (and to a lesser extent Ski) undergoes
ubiquitination and rapid proteasomal degradation (32, 33). The
ubiquitin ligases implicated in ubiquitination of SnoN, the
anaphase promoting complex, Smurf2, and Arkadia, are re-
cruited to SnoN via the phosphorylated R-Smads (34 —38).

Previous study on the regulation of ADAM12 expression by
TGEFB in hepatic stellate cells used rather long (24 -72 h) stim-
ulation times and showed that ADAM12 induction was par-

2 The abbreviations used are: TGF, transforming growth factor 8; TBRI and
TBRII, TGFB type | and type Il serine/threonine kinase receptors, respec-
tively; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine
serum; RT, reverse transcription; qRT-PCR, real time quantitative RT-PCR;
MAPK, mitogen-activated protein kinase; MEF, mouse embryonic fibro-
blast; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; R-Smad,
receptor Smad; shRNA, short hairpin RNA; DMSO, dimethyl sulfoxide.
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tially blocked by inhibitors of MAPKs, phosphoinositide 3-ki-
nase, or p70S6 kinase (13, 24). Based on these results, it was
postulated that induction of ADAMI12 expression by TGES
might be Smad-independent, but a direct role of R-Smads in the
regulation of ADAM12 expression has not been tested. In this
report, we investigate short term (0-24 h) effects of TGFf3 on
ADAMI12 mRNA and protein levels in mouse fibroblasts. We
find that TGFp causes derepression of the Adam12 gene in a
Smad2/3-dependent manner, and that the repressor respon-
sible for the negative regulation of ADAMI12 expression is
SnoN. Our studies uncover a new mechanism of ADAM12
regulation by TGES that may contribute to aberrant expres-
sion of ADAM12 in various diseases.

EXPERIMENTAL PROCEDURES

Cell Culture—NIH3T3 fibroblasts, HT1080 fibrosarcoma
cell line, DU145 prostate cancer cell line (American Tissue Cul-
ture Collection), and retroviral packaging cell line Phoenix Eco
(G. P. Nolan, Stanford University) were grown in DMEM sup-
plemented with 10% FBS. Smad2~'~ mouse embryonic fibro-
blasts (MEFs) (E. Bottinger, Mount Sinai School of Medicine),
Smad3~'~ MEFs (K. Flanders, NCI), Ski '~ MEFs (C. Colmen-
ares, Cleveland Clinic), Adam9/12/15~'~ MEFs (C. P. Blobel,
Hospital for Special Surgery), and wild-type MEFs were grown
in DMEM containing 10% FBS and 1% penicillin/streptomycin.
Normal mouse mammary gland epithelial cell line NMuMG
and human MCF7 breast cancer cells were grown in DMEM
with 10% FBS and 10 pg/ml of insulin. Normal human mam-
mary epithelial cells MCF-10A were cultured in DMEM/F-12
supplemented with 5% horse serum, 0.5 pg/ml of hydrocorti-
sone, 20 ng/ml of human epidermal growth factor, 10 ug/ml of
bovine insulin, 100 ng/ml of cholera toxin, and 1% penicillin/
streptomycin. MDA-MB-468 breast cancer cells were cultured
in Liebovitz’s L-15 medium supplemented with 10% FBS.
MDA-MB-435S melanoma cells were maintained in Liebovitz’s
L-15 medium supplemented with 10% FBS and 10 ug/ml of
bovine insulin. MDA-MB-231 breast cancer cells were cultured
in DMEM/F-12 medium supplemented with 10% FBS. T47D
breast cancer cells were cultured in RPMI 1640 medium sup-
plemented with 10% FBS. Cells were treated with 2 ng/ml of
TGEB1 (R&D Systems) for 24 h (unless indicated otherwise), 10
muM MG132 (EMD Biosciences) for 1 h prior to and during
TGEP1 treatment, 5 ug/ml of actinomycin D (Sigma) for 15
min prior to and during TGFS1 treatment, 5 ug/ml of cyclo-
heximide (Sigma) for 2 h prior to and during TGFp1 treat-
ment, or 10 uM SB-431542 (Sigma) 30 min prior to and dur-
ing TGFB1 treatment; control incubations with vehicle
alone were included in each experiment.

Viral Transduction—Human SnoN cDNA was transferred
from pCI-Neo HA-hSnoN plasmid vector into the retroviral
pBMN-I-GFP vector (both from Addgene). Phoenix Eco cells
were transfected with SnoN retroviral vector (15 g of plasmid
DNA/100-mm plate) using the calcium phosphate precipita-
tion method. Viral supernatants were harvested 48 h later,
supplemented with 5 ug/ml of Polybrene, and used without
further dilution for infection of NIH3T3 cells. For SnoN
knockdown, NIH3T3 cells were incubated with MISSION™
Lentiviral shSnoN Transduction Particles (Sigma, clone ID
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TRCNO0000088306) or with MISSION™ Non-Target sShRNA
Control Transduction Particles (Sigma, SHC002V), according
to the manufacturer’s instructions. After 1 day, medium con-
taining retroviral particles was replaced with fresh medium,
and after an additional 24 h, stably transduced cells were
selected with 2 ug/ml of puromycin for 7 days.

Immunoblotting—Immunoblotting was performed as de-
scribed (4). For ADAM12 detection, cell extracts were enriched
for glycoproteins using concanavalin A-agarose prior to SDS-
PAGE and Western blotting (39). The following primary anti-
bodies were used: rabbit anti-ADAM12 cytoplasmic peptide
antibody (Ref. 39, 1:3,000), rabbit anti-ADAM9 (Ref. 39, 1:400),
goat anti-ADAM15 (R&D Systems, 1:100), rabbit anti-SnoN
(H-317, Santa Cruz Biotechnology, 1:1,000), mouse anti-Ski
(G8, Santa Cruz Biotechnology, 1:100), and mouse anti-a-tu-
bulin (Sigma, 1:100,000). Secondary antibodies were horserad-
ish peroxidase-conjugated anti-rabbit, anti-mouse, or anti-goat
IgG antibodies. Signal detection was performed using WestPico
or WestFemto (for anti-Ski blots) chemiluminescence detec-
tion kit (Pierce).

RNA Analysis—Total RNA was extracted using the PureLink
Micro-to-Midi Total RNA Purification System containing
TRIzol (Invitrogen). Northern blot analysis was performed
using the Northern Max kit (Ambion). Membranes were
hybridized with ADAM12 c¢DNA probe (nucleotides 161—
2202) or B-actin probe provided with the kit. Probes were
labeled using DECAprime II Random Primed DNA Labeling kit
(Ambion) and [a-**P]dATP. For reverse transcription (RT)-
PCR analysis, RNA (1 ug) was treated with deoxyribonuclease I
(Invitrogen), followed by reverse transcription using the Super-
Script III First Strand Synthesis System for RT-PCR (Invitro-
gen) and oligo(dT) primers. Semi-quantitative PCR was per-
formed in 50-ul reaction volumes using 1 ul of cDNA, 0.2 mm
dNTPs, 2 units of BIO-X-ACT Short DNA Polymerase (Bio-
line), and 1 um primers (supplemental Table S1). PCR condi-
tions were: 94 °C, 30s; 55 °C, 30s; 72 °C, 45s; 29-32 cycles for
mADAM12, and 24-26 cycles for mGAPDH. PCR products
were resolved in 2% agarose/ T AE gels, visualized after ethidium
bromide staining and UV illumination, and quantified by den-
sitometry. Real time quantitative RT-PCR (qRT-PCR) was per-
formed in a total volume of 25 pl in a 96-well spectrofluoromet-
ric thermal cycler (iCycler, Bio-Rad). The final reaction mixture
contained 10.5 ul of diluted cDNA (1:5 for human cDNA, 1:50
for mouse cDNA), 12.5 ul of iQSYBR Green Supermix, and 0.4
uM primers (supplemental Table S1). PCR conditions were:
95 °C, 30s; 55°C, 30s; 72 °C, 40s. The relative expression of
ADAMI12 mRNA, normalized to mouse GAPDH or human
B-actin, was calculated using the 244 method.

Gene Reporter Assays—Fragments of the genomic region
located upstream of the ADAM12 translation initiation site (see
Fig. 4A) were amplified from mouse genomic DNA using Pfu
Turbo DNA polymerase and inserted into the multiple cloning
site of pGL4.10luc2 vector (Promega) to generate pAl2.Luc
reporters. NIH3T3 cells grown in 6-well plates were transfected
at 50% confluence with 0.5 ug of pA12.Luc reporters or empty
pGL4.10luc2 vector, together with 0.05 ug of Renilla luciferase
vector (pRL-TK), using FUGENE 6 transfection reagent. After
24 h, firefly and Renilla luciferase activities were measured
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FIGURE 1. Induction of ADAM12 expression by TGFB1. A, NIH3T3 fibro-
blasts; B, normal mouse mammary gland epithelial cells NMuMG; and C, MEFs
(wt, wild-type; 9/12/157/~, isolated from triple knock-out mice lacking
ADAMY, -12, and -15) were incubated for 24 h in the presence or absence of 2
ng/ml of TGFB1, as indicated. Cells were lysed and glycoprotein-enriched
fractions were analyzed by Western blotting using anti-ADAM antibodies;
tubulin is a gel loading control. The full-length ADAM proteins are indicated
by short arrows, the mature forms lacking the pro-domains are indicated by
long arrows, the asterisk denotes a nonspecific band.

using the Dual-Luciferase Reporter Assay System (Promega).
To study the effect of TGFS1 on the Adam12 promoter, 24 h
after transfection cells were stimulated with 2 ng/ml of TGFS1
for an additional 24 h. The p3TP-Lux plasmid (Addgene) was
used as positive control. The effect of TGFB1 was also studied
in NIH3TS3 cells stably transfected with pA12.Lucl vector. Sta-
ble transfectants were selected for 7 days in the presence of
2 ug/ml of puromycin; pooled populations of cells were used
without isolation of individual clones. All assays were per-
formed in duplicates.

Statistical Analysis—Paired t test was used to compare values
of two groups. When fold-change in ADAM12 expression was
calculated (stimulus- or inhibitor-treated cells versus vehicle
control), data were analyzed by one sample ¢ test (GraphPad
Prism Software, San Diego, CA). Linear regression analysis was
performed using the Linear Fit tool, with direct error weighting
(Origin 8.0 software, OriginLab, Northampton, MA).

RESULTS

Previous reports have shown that treatment of human
hepatic stellate cells with TGFB1 induces expression of
ADAM12 (13, 24). Here, we extended the analysis of TGFB1
effects on ADAM12 expression to other cell types. We observed
that treatment of mouse NIH3T3 fibroblasts or normal mouse
mammary epithelial cell line NMuMG for 24 h with TGFS1 led
to dramatic increase in ADAM12 protein levels (Fig. 1, A and
B). The levels of two other ADAMs, ADAM9 and ADAM15,
were not changed after similar TGFB1 treatment (Fig. 1C),
demonstrating that among the three ADAMs tested, the effect
of TGFB1 was specific for ADAM12.

Induction of ADAM12 protein in cells that were starved in
0.5% serum for 24 h prior to adding TGFB1 was comparable
with the induction observed in the presence of 10% serum (Fig.
2A). Therefore, all subsequent experiments were performed
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using medium supplemented with 10% FBS, without starvation.
It has to be stressed that when cells were incubated for pro-
longed times (~48 h) without adding fresh medium, the basal
level of ADAM12 expression was significantly elevated, and it
was efficiently reduced by adding SB-431542, an inhibitor of
TPBRI (Fig. 2A). This result suggests that the increase in the
basal level of ADAMI12 expression was most likely due to the
autocrine/paracrine effect of the endogenous TGFB1 produced
in NIH3T3 cells that was accumulating over time in cell
medium. The induction of ADAM12 protein in NIH3T3 cells
by exogenously added TGFB1 was dose-dependent and
reached a maximum at 2 ng/ml of TGE1 (Fig. 2, Band C). This
concentration of TGF1 was used in the remaining part of this
study. The up-regulation of ADAM12 protein was evident after
8 h of stimulation of cells with TGFB1 (Fig. 2, D and F). Semi-
quantitative RT-PCR analysis further demonstrated that
TGEFpB1 treatment increased the level of ADAMI12 mRNA,
and the changes in ADAM12 mRNA preceded the changes in
ADAMI12 protein levels (Fig. 2, E and F).

Pre-treatment of cells with actinomycin D, an inhibitor
of transcription, completely blocked the up-regulation of
ADAMI12 protein (Fig. 34), indicating that induction of
ADAM12 expression by TGFB1 required new transcription.
Consistently, qRT-PCR (Fig. 3B) or Northern blot analysis of
NIH3T3 cells treated with TGFB1 (Fig. 3C) showed that the
induction of ADAM12 mRNA by TGF 31 was also blocked by
pre-treatment of cells with actinomycin D. As TGFB1 did
not have any effect on the stability of ADAM12 mRNA (Fig.
3D), we have concluded that TGFB1 activates the transcrip-
tion of the Adam12 gene.

Smad2 and Smad3 are the main mediators of the transcrip-
tional responses to TGFS1. Smad3-Smad4 DNA binding ele-
ments contain a repeated AGAC sequence or its complement,
GTCT. Activated Smad2-Smad4 complexes are recruited to the
activin response elements with the help of FoxH1a or FoxH1b
(40, 41). The ~5.1-kilobase genomic region upstream of the
translation initiation site of mouse Adam12 contains a pro-
moter activity and comprises multiple AGAC (or GTCT)
sequences, including a 9X GTCT repeat, and an inverted activin
response element, AATAAACA (Fig. 4A). Despite the presence
of these motifs, gene reporters containing different fragments
of the Adam12 promoter were not responsive to TGFf1 (Fig.
4B). pAl2.Lucl reporter stably transfected into NIH3T3 cells
was also unresponsive to TGFB1 (result not shown), excluding
the possibility that activation of the AdamlI2 promoter by
TGEFB1 occurs only when the promoter is integrated into chro-
matin. Nevertheless, the induction of ADAMI12 by TGEB1
in Smad2~'~ or Smad3~'~ MEFs was significantly impaired
when compared with the wild-type MEFs (Fig. 4, C and D).
These results indicate that Smad2/3 do play a role in regulation
of ADAM12, but TGFB-responsive elements are located out-
side the ~5.1-kilobase promoter region in the Adam12 gene.

Two lines of evidence further suggest that induction of
ADAM12 expression by TGFpB1 involves derepression of the
Adam12 gene. First, pretreatment of cells with cycloheximide,
an inhibitor of translation, did not abolish the induction of
ADAMI12 mRNA by TGEpL1 (Fig. 5A). In fact, cycloheximide
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To determine whether SnoN is
directly involved in TGF1-induced
up-regulation of ADAM12, we first
studied the effect of SnoN overex-
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FIGURE 2. Characterization of TGF31-induced expression of ADAM12. A, the effect of serum on the induc-
tion of ADAM12 by TGFB1. NIH3T3 cells were preincubated for 24 h in the presence of 0.5 or 10% FBS, as
indicated, followed by treatment with 2 ng/ml of TGFB1 for an additional 16 or 48 h. In some cases, 10 um
SB-431543, an inhibitor of TBRI, was added 30 min prior to TGF31 treatment. Band C, TGF31 dose-response of
the induction of ADAM12. B, NIH3T3 cells were incubated for 24 h with the indicated doses of TGF31, and the
levels of ADAM12 protein were analyzed as described in the legend to Fig. 1. Quantitative differences in the
abundance of the full-length ADAM12 (short arrow) are best shown after short exposure of the immunoblot,
the mature ADAM12 (long arrow) is visualized after long exposure. C, the intensities of the bands corresponding to
the full-length ADAM12 protein in panel B were quantified using densitometry and ImageJ software. The data
represent the mean = S.E. (error bars) from three independent determinations. D-F, time course of ADAM12 induc-
tion by TGF31. NIH3T3 cells were incubated without or with 2 ng/ml of TGF1 for the indicated times. D, the levels
of ADAM12 protein were analyzed by Western blotting, as described in the legend to Fig. 1. E, the levels of ADAM12
mRNA were analyzed by semi-quantitative RT-PCR, GAPDH is a gel-loading control. F, the intensities of the bands
corresponding to the full-length ADAM12 protein in Dand ADAM12 mRNA in E were quantified using densitometry
and ImageJ software. The data represent the mean = S.E. (error bars) from three independent determinations.

alone increased the level of ADAM12 mRNA (Fig. 5B). These
results suggest that de novo protein synthesis is not required for
the up-regulation of ADAM12 by TGEB1 and that cyclohexi-
mide might block synthesis of a transcriptional repressor acting
on the Adam12 promoter/gene. Second, pre-treatment of cells
with MG132, a proteasomal inhibitor, efficiently blocked the
induction of the ADAM12 protein and mRNA by TGFf1 (Fig.
5, C and D). This result, together with the effect mediated by
cycloheximide, indicates that TGFf1 signaling leads to protea-
somal degradation of a repressor of the Adam 12 gene. SnoN, a
negative regulator of TGFp1 signaling, is known to be rapidly
degraded in response to TGF1 stimulation, and thus may be a
good candidate for a repressor of the AdamI12 gene. Indeed,
analysis of SnoN protein levels in cells treated with TGFB1
confirmed that SnoN, a 75-kDa protein, was degraded within
30 min of TGFB1 treatment and remained at a low level for up
to 4 h after adding TGFB1 (Fig. 5E). As SnoN expression is
up-regulated by TGF 1 signaling as a part of the negative feed-
back loop mechanism that limits the duration and strength of
the TGFp1 signals (32), the level of SnoN began to rise and
eventually returned to its initial level after 8—16 h of TGFB1
treatment (Fig. 5E).
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Time (h
me () the endogenous SnoN in NIH3T3

cells on the expression levels of
ADAMI12. NIH3T3 cells were in-
fected with lentiviral SnoN shRNA
or control shRNA particles, and
cells with stable incorporation of
shRNA vectors were selected in the
presence of puromycin. The level of
the endogenous SnoN protein in
shSnoN cells was reduced to an
undetectable level (Fig. 7A). Induc-
tion of ADAM12 mRNA by TGFfS1
was more potent and occurred with
faster kinetics in shSnoN cells than in shRNAControl, as
revealed by qRT-PCR (Fig. 7B).

As the induction of ADAM12 by TGE1 was very efficiently
blocked by MG132 (see Fig. 5, C and D), suggesting that degra-
dation of a transcriptional repressor is required for ADAM12
expression, we asked whether MG132 would be equally potent
in blocking the induction of ADAM12 in SnoN-deficient cells.
If SnoN is the repressor of the AdamlI2 gene, then in the
absence of SnoN, MG132 should have little effect on ADAM12
expression. As shown in Fig. 7C, right panel, incubation of
shSnoN cells with TGFf1 in the presence of MG132 led to the
induction of ADAM12 expression, whereas no induction was
observed in control cells under the same conditions (Fig. 7C, left
panel). The induction of ADAM12 in shSnoN cells in the pres-
ence of MG132 was more modest than in the absence of the
inhibitor (Fig. 7D), but this can be explained by the actual levels
of SnoN in these cells. Although no SnoN was detected in
shSnoN cells in the absence of the inhibitor, MG132 treatment
resulted in a significant accumulation of SnoN (Fig. 7C). This
most likely was the result of incomplete double stranded
mRNA degradation, active synthesis of SnoN protein, and inhi-
bition of its degradation. The accumulation of SnoN in MG132-
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FIGURE 3. Induction of ADAM12 expression by TGF31 occurs at the tran-
scriptional level. A, NIH3T3 cells were pretreated for 15 min with 5 ug/ml of
actinomycin D or with DMSO, then incubated for 8 h with or without 2 ng/ml
of TGFB1, followed by Western blotting with anti-ADAM12 antibody, as
described in the legend to Fig. 1. Tubulin is a gel loading control. The exper-
iment was repeated 3 times with similar results. B, gqRT-PCR analysis of
ADAM12 expression. NIH3T3 cells were pretreated for 15 min with 5 ug/ml
of actinomycin D or DMSO, and then incubated without or with 2 ng/ml of
TGFB1 for 4 h. The level of ADAM12 mRNA was normalized to GAPDH. The
data represent the mean = S.E. (error bars) from three independent experi-
ments. Asterisk indicates the statistically significant effect (p < 0.05) of inhib-
itor treatment. C, Northern blot analysis of ADAM12 expression. NIH3T3 cells
were pretreated for 15 min with 5 ug/ml of actinomycin D or with DMSO, and
then treated without or with 2 ng/ml of TGF 31 for the indicated times. Total
mRNA was extracted and hybridized with ADAM12 and -actin probes. The
analysis was repeated 3 times with similar results. D, the effect of TGFB1 on
the stability of ADAM12 mRNA. NIH3T3 cells were incubated for 16 h with 2
ng/ml of TGFB1 (squares) or with vehicle alone (triangles), and then 5 pug/ml of
actinomycin D was added (time 0). Total mRNA was extracted at various time
points and ADAM12 mRNA levels, normalized to GAPDH mRNA, were deter-
mined by qRT-PCR. The data represent changes in ADAM12 mRNA relative to
the levels at time 0 (mean values = S.E. (error bars), n = 3). The half-life of
ADAM12 mRNA in the presence or absence of TGF31 was estimated as 6.5 +
1.0 h™" (solid line) and 6.6 == 1.7 h~ " (dashed line), respectively.

treated shSnoN cells might be the reason why SnoN knock-
down by shRNA did not fully bypass the inhibitory effect of
MG@G132 on the induction of ADAM12 by TGF1. Alternatively,
SnoN might not be the sole repressor of the Adam12 gene. A pos-
sible candidate for ADAM]12 repression may be a SnoN-related
protein Ski, which has also been reported to undergo proteasomal
degradation in response to TGFp1 stimulation (42).

To determine whether Ski plays a role in repressing Adam12,
we examined the effect of TGFB1 on the level of ADAM12
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protein in Ski~/~ cells, in the presence or absence of MG132
(Fig. 8). As shown in Fig. 8C, inhibition of protein degradation
completely blocked the induction of ADAM12 by TGFB1 in
Ski~'~ cells. Thus, Ski does not appear to play a major role in
repressing the Adam12 gene.

To determine whether the role of SnoN in TGFB1-induced
expression of ADAMI12 observed in NIH3T3 cells can be
extended to other cell types, we examined the effect of TGFB1
on ADAMI12 expression in human cancer cell lines that typi-
cally express higher levels of SnoN than untransformed cells.
For our analysis, we selected several cell lines in which the
major components of the canonical TGFf1 signaling pathway
remain intact and which are responsive to TGFB1 signals:
MDA-MB-231, MDA-MB-435S, DU145, and HT1080 (43—
45). The basal level of ADAMI12 mRNA in all four cancer cell
lines was higher than in MCF10A cells, but it was not inhibited
by SB-431542 (results not shown), indicating that this was not a
result of an elevated autocrine/paracrine TGEB1 signaling.
Upon TGEPL treatment, there was a ~7-fold increase in
ADAM12 expression in MCF10A cells and a much lower (<2-
fold) increase in MDA-MB-231, MDA-MB-435S, DU145, and
HT1080 cells (Fig. 94). As expected, no induction of ADAM12
was detected in Smad4-deficient MDA-MB-468 cells, or in
T47D and MCF?7 cells, which express very low levels of T SRII
and do not respond to TGF 1 signals (46) (results not shown).
In agreement with previous reports, the level of SnoN in cancer
cells was consistently higher than in the normal mammary epi-
thelial cell line MCF10A, whereas the level of Ski showed more
variation (Fig. 9B). Thus, it appears that among TGF1-respon-
sive cells, there is an inverse correlation between the extent of
ADAM12 induction by TGFf1 and the level of SnoN, but not
Ski (Fig. 9C). These results further support the role of SnoN in
repression of the ADAM]I2 gene.

DISCUSSION

The induction of ADAMI12 expression by TGFB1 was first
reported in hepatic stellate cells (13, 24). Our studies demon-
strate that induction of ADAM12 by TGFp1 is a more general
phenomenon and it takes place in fibroblasts and in epithelial
cells. Recently, it has been shown that ADAM12 can enhance
TGE signaling through its interaction with TSRII (47). Thus,
TGFB1-mediated induction of ADAM12 may be part of a pos-
itive feedback loop mechanism, leading to self-amplification of
TGEPL signals.

TGEPL does not appear to cause general up-regulation of
ADAM proteins, as at least two other ADAMs, ADAM9 and
ADAMI15, are not affected by the cytokine treatment
(Ref. 13 and this report). According to our knowledge, the only
other ADAM reported to be up-regulated by TGEFP1 is
ADAM19, whose mRNA levels increase in alveolar epithelial
cells treated with TGFB1 (48). The same study showed that
TGEFB1 treatment leads to down-regulation of the ADAM28
mRNA level, further highlighting the specificity of TGFS1 in
regulating the expression of individual ADAMs.

According to previous reports, the induction of ADAM12
by TGFp1 in hepatic stellate cells occurred with slow kinet-
ics, as the level of ADAM12 mRNA was not significantly
changed before 24 h of TGFp1 treatment (13). Furthermore,
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for each reporter. The data represent the mean = S.E. (error bars) from two to three independent experiments. The core Adam 12 promoter is located between
residues —407 and —129, and additional positive regulatory elements may be present between residues —5090 and —3752. B, the effect of TGF1 on the
activity of the Adam12 promoter; the p3TP-Lux vector is positive control. C, induction of ADAM12 in Smad2 '~ cells. Wild-type (WT) or Smad2~’~ MEFs were
incubated for 24 h with or without 2 ng/ml of TGFB1, followed by analysis of ADAM12 expression by Western blotting, as described in the legend to Fig. 1;
tubulin is a loading control. The full-length ADAM12 protein is indicated by a short arrow, the mature form lacking the pro-domains is indicated by long arrow,
the asterisk denotes a nonspecific band. Fold-induction of ADAM12 by TGF1 was quantified by densitometry and ImageJ; the data represent the means from
three different determinations = S.E. (error bars); the asterisk indicates statistically significant effect (p < 0.05). D, induction of ADAM12 in Smad3 ™/~ cells. The

experiments and quantification of the results were performed as in C.

the effect of TGFB1 on ADAM12 expression was partially
blocked by inhibitors of MAPKs, phosphoinositide 3-kinase,
or p70S6 kinase (24), indicating that TGF1 might up-regu-
late ADAMI12 via Smad-independent pathways. In this
report, we show that the induction of ADAM12 by TGFS1 in
mouse fibroblasts is more rapid, and increased levels of
ADAMI12 mRNA are detected within ~2 h after TGFB1
treatment. ADAM12 induction is completely blocked upon
inhibition of transcription or proteasomal degradation, but
is not blocked by cycloheximide, an inhibitor of translation.
Based on these observations, we conclude that TGFB1
induces ADAM12 expression by relieving a transcriptional
repression of the Adam12 gene. We show that SnoN, a tran-
scriptional repressor that is efficiently degraded after TGFS1
stimulation, is involved in the regulation of ADAMI2 ex-
pression. Overexpression of SnoN reduces ADAM12 induc-
tion, and down-regulation of SnoN expression by shRNA
leads to increased induction of ADAMI12 by TGEB1. Impor-
tantly, whereas pre-treatment of shControl cells with
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MG132, a proteasomal inhibitor, completely blocks the
induction of ADAM12 by TGFp1, the same pre-treatment of
shSnoN cells still allows ADAM12 to be induced by TGFp1.
The extent of induction of ADAM12 by TGER1 in shSnoN
cells in the presence of MG132 is not as potent as in the
absence of the proteasomal inhibitor, but this is most likely
due to the fact that MG132 treatment eventually leads to
build up of SnoN protein in these cells. In contrast, incuba-
tion of Ski~/~ MEFs with MG132 fully abolishes the effect of
TGFB1 on ADAM12 expression. Clearly, these results indi-
cate that SnoN, rather than Ski, is a repressor that needs to
be degraded to derepress the Adam12 gene.

Although SnoN was first described as a negative regulator of
TGEFPB1 signaling, it is not a universal repressor of TGFB1
responsive genes. Rather, SnoN acts in a gene-specific manner,
and inhibition of the proteasome leads to abrogation of certain
TGEPL1 target gene regulation, without any effect on other
TGEP1 target genes (49). Furthermore, recent reports indicate
that under certain circumstances SnoN can act as a positive
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FIGURE 5. Induction of ADAM12 expression by TGF1 involves derepres-
sion of the Adam12 gene. A and B, ADAM12 expression is induced in the
absence of protein synthesis. In A, NIH3T3 cells were pretreated for 2 h with 5
rg/ml of cycloheximide (CHX), an inhibitor of translation, and then treated
with or without 2 ng/ml of TGFB1 for the indicated amounts of time, with the
continuous presence of CHX. Total RNA was extracted and hybridized with
ADAM12 or B-actin probes. In B,NIH3T3 cells were pre-treated for 15 min with
5 ng/ml of actinomycin D or DMSO, and then treated for 4 h with or without
5 ng/ml of CHX, as indicated. The level of ADAM12 mRNA was evaluated by
semi-quantitative RT-PCR, GAPDH is an internal control. The experiments
shown in A and B were repeated 3 times with similar results. C and D, induc-
tion of ADAM12 by TGF1 is blocked by a proteasomal inhibitor. NIH3T3 cells
were pre-treated for 1 h with or without 10 um MG132, and then treated for 16
(C) or 4 h (D) with or without 2 ng/ml of TGF31, in the presence or absence of
MG132, as indicated. The level of ADAM12 protein (C) was analyzed by West-
ern blotting, as described in the legend to Fig. 1; the level of ADAM12 mRNA
was quantified by qRT-PCR (D). In D, ADAM12 mRNA was normalized to
GAPDH mRNA; the data represent the mean = S.E. (error bars) from two inde-
pendent experiments. Asterisk indicate statistically significant effect (p <
0.05) of inhibitor treatment. E, the level of SnoN repressor at the indicated
times after adding TGF31 was evaluated by Western blotting.

mediator of transcription (50). Indeed, a microarray analysis of
human lung cancer A549 cells demonstrated that a large set of
genes is down-regulated in cells lacking SnoN, suggesting that
SnoN may function as a transcriptional activator, in addition to
acting as a transcriptional repressor of the Smad proteins (43).
Thus, the effect of SnoN on a particular target gene is not easily
predictable, and a negative or positive regulation is possible. As
shown in this study, in the case of ADAM12, SnoN is a negative
regulator of its expression.

ADAMI12 expression is dysregulated in many cancers, car-
diac hypertrophy, during aseptic loosening of hip replacement
implants, and in experimental autoimmune encephalomyelitis
(1, 19-23). Each of these pathological conditions is accompa-
nied by increased levels of TGFB1 and/or abnormal expression
of SnoN (31, 51-54). It is tempting to speculate that up-regula-
tion of ADAMI12 expression in cardiac hypertrophy, in inflam-
matory responses related to osteolysis, or in experimental auto-
immune encephalomyelitis is directly linked to activation of
TGEFP1 signaling. Furthermore, during fibrotic kidney disease
after obstructive injury, SnoN is down-regulated due to
enhanced ubiquitin-mediated degradation, which in turn is a
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FIGURE 7. Knockdown of SnoN expression increases ADAM12 expression
in response to TGFB1 stimulation. NIH3T3 cells were stably transduced
with SnoN shRNA or control shRNA lentiviruses. A, the level of SnoN proteinin
shSnoN or shControl cells was evaluated by Western blotting. B, shSnoN and
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PCR; fold-changes over the levels at time 0 are shown. C, shSnoN and shCon-
trol cells were incubated for 16 h with or without 2 ng/ml of TGFf31, in the
absence or presence of 10 um MG132, followed by evaluation of ADAM12 and
SnoN protein levels. D, the intensities of the bands corresponding to the
full-length ADAM12 protein in panel C were quantified using densitometry
and ImagelJ software. The data represent the mean = S.E. (error bars) from
three independent experiments. Asterisks indicate statistically significant dif-
ferences (p < 0.05).

result of TGFB1-induced expression of Smurf2 ubiquitin ligase

(55, 56). It is possible that a similar chain of events leads to
degradation of SnoN during fibrosis associated with cardiac
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FIGURE 8. Inhibition of proteasomal degradation blocks the induction of
ADAM12 by TGF31 in Ski-null cells. A, the absence of Ski expression in Ski~/~
MEFs was confirmed by Western blotting. B and C, the effect of MG132 on
ADAM12 induction by TGFS1. Wild-type (WT) MEFs (B) or Ski’~ MEFs (C) were
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The intensities of the bands corresponding to the full-length ADAM12 protein
were quantified using densitometry and ImageJ software (right panels). The data
represent the mean = S.E. (error bars) from three independent experiments.

hypertrophy, which would explain high levels of ADAM12
expression in hypertrophic myocardium. In cancer, the situa-
tion is more complex, as both TGFf31, a positive ADAM12 reg-
ulator, and SnoN, a negative ADAM12 regulator, are elevated.
Our studies in cancer cells show that increased basal expression
of ADAMI12 is not due to the autocrine/paracrine effects of
TGEP1 produced by some of these cell lines. Rather, it is an
inherent feature of cancer cells and may be a result of genetic or
epigenetic changes associated with the oncogenic transforma-
tion. Increased basal levels of ADAM12 expression also do not
correlate with increased SnoN levels in cancer cells. However,
cancer cells have many other components of the TGFB1 path-
way aberrantly expressed, including TGFB receptors and
SMADs, and direct correlations between absolute expression
levels of ADAM12 and SnoN in different cell types may be dif-
ficult to establish. Importantly, our results indicate that there is
an inverse correlation between the level of SnoN in cancer cells
and the ability of TGF1 to induce ADAM12 expression.
TGER signaling plays dual roles during tumor development.
During early phases of tumorigenesis, TGEf acts as a tumor
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FIGURE 9. Diminished induction of ADAM12 by TGF31 in cancer cell lines
correlates with SnoN expression. A, fold-induction of ADAM12 mRNA, nor-
malized to B-actin mRNA, after 24 h treatment with 2 ng/ml of TGFB1 was
evaluated by gRT-PCR. The data represent the mean = S.E. (error bars) from
two independent experiments. MCF10A are untransformed human mam-
mary epithelial cells, MDA-MB-231 is a breast cancer cell line, MDA-MB-435S
are melanoma cells, DU145 is a prostate cancer line, and HT1080 is a fibrosar-
coma cell line. B, the levels of SnoN and Ski expression in different cell lines
were evaluated by Western blotting. C, fold-induction of ADAM12 in each cell
line was plotted against the level of SnoN (left) or Ski (right); SnoN and Ski
protein levels in MCF10A cells are set as 1. SnoN and Ski protein levels were
determined by densitometric analysis of Western blots in panel C and Image)J
quantification. The data represent the mean =+ S.E. (error bars) from three
independent determinations. The linear regression analysis indicates an
inverse correlation between ADAM12 induction by TGFB1 and SnoN (dashed
line, R? = 0.91, p = 0.007); no correlation is evident between ADAM12 induc-
tion and Ski.

suppressor by limiting cancer cell proliferation and enhancing
differentiation. In later stages, TGFS promotes tumor growth
by stimulating cell migration, invasion, and metastasis, by
modifying tumor microenvironment, and by modulating host
immune responses (51, 57). High expression of SnoN makes
cancer cells resistant to the anti-proliferative effects of TGFS
(a pro-oncogenic role of SnoN) and limits their metastatic
potential (an anti-tumorigenic activity of SnoN) (43). Interest-
ingly, both tumor-promoting and tumor-suppressing roles
have been postulated for ADAMI12. Transgenic expression of
ADAMI12Acyt (lacking the cytoplasmic domain) in mammary
tumors of murine mammary tumor virus-PyMT mice acceler-
ates tumor growth, which is consistent with the tumor-promot-
ing function of ADAM12 (8). On the other hand, ADAMI12 is
frequently mutated in breast cancer (2, 3), and cancer-associ-
ated mutations cause mislocalization of the ADAMI12 protein
in cells and interfere with its function at the cell surface, sug-
gesting that the wild-type ADAM12 may also play an anti-tu-
mor role (4). We believe that identification of SnoN as a repres-
sor of the ADAM 12 gene will contribute to advances in studies
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on the role of ADAM12 in tumor progression and in the devel-
opment of other pathological conditions.

Acknowledgments—We thank Dr. Garry P. Nolan for Phoenix Eco
cells, Dr. Carl Blobel for Adam9/12/15~"~ MEFs, Dr. Erwin Bottinger
for Smad2~"~ MEFs, Dr. Kathy Flanders for Smad3~"~ MEFs, and
Dr. Clemencia Colmenares for Ski—’~ MEFs.

REFERENCES

1.

10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

JULY 16, 2010+ VOLUME 285+NUMBER 29

Kveiborg, M., Albrechtsen, R., Couchman, J. R., and Wewer, U. M. (2008)
Int. ]. Biochem. Cell Biol. 40, 1685—1702

. Sjoblom, T., Jones, S., Wood, L. D., Parsons, D. W., Lin, J., Barber, T. D,

Mandelker, D., Leary, R. ], Ptak, J., Silliman, N., Szabo, S., Buckhaults, P.,
Farrell, C., Meeh, P., Markowitz, S. D., Willis, J., Dawson, D., Willson, J. K.,
Gazdar, A. F., Hartigan, J., Wu, L., Liu, C., Parmigiani, G., Park, B. H,,
Bachman, K. E., Papadopoulos, N., Vogelstein, B., Kinzler, K. W., and
Velculescu, V. E. (2006) Science 314, 268 —274

. Wood, L. D., Parsons, D. W, Jones, S., Lin, J., Sjoblom, T., Leary, R. ., Shen,

D., Boca, S. M., Barber, T., Ptak, J., Silliman, N., Szabo, S., Dezso, Z.,
Ustyanksky, V., Nikolskaya, T., Nikolsky, Y., Karchin, R., Wilson, P. A.,
Kaminker, J. S., Zhang, Z., Croshaw, R., Willis, ., Dawson, D., Shipitsin,
M., Willson, J. K., Sukumar, S., Polyak, K., Park, B. H., Pethiyagoda, C. L.,
Pant, P. V., Ballinger, D. G., Sparks, A. B., Hartigan, J., Smith, D. R, Suh, E.,
Papadopoulos, N., Buckhaults, P., Markowitz, S. D., Parmigiani, G.,
Kinzler, K. W., Velculescu, V. E., and Vogelstein, B. (2007) Science 318,
1108-1113

. Dyczynska, E., Syta, E., Sun, D., and Zolkiewska, A. (2008) Int. J. Cancer

122, 26342640

. Valdes, A. M., Hart, D. ], Jones, K. A., Surdulescu, G., Swarbrick, P., Doyle,

D. V., Schafer, A. ], and Spector, T. D. (2004) Arthritis Rheum. 50,
2497-2507

. Valdes, A. M., Van Oene, M., Hart, D. J., Surdulescu, G. L., Loughlin, J.,

Doherty, M., and Spector, T. D. (2006) Arthritis Rheum. 54, 533-539

. Iba, K., Albrechtsen, R., Gilpin, B.J., Loechel, F., and Wewer, U. M. (1999)

Am. J. Pathol. 154, 1489 -1501

. Kveiborg, M., Frohlich, C., Albrechtsen, R., Tischler, V., Dietrich, N,,

Holck, P., Krongvist, P., Rank, F., Mercurio, A. M., and Wewer, U. M.
(2005) Cancer Res. 65, 4754 —4761

. Lendeckel, U., Kohl, J., Arndt, M., Carl-McGrath, S., Donat, H., and

Rocken, C. (2005) . Cancer Res. Clin. Oncol. 131, 4148

Mitsui, Y., Mochizuki, S., Kodama, T., Shimoda, M., Ohtsuka, T., Shiomi,
T., Chijiiwa, M., Ikeda, T., Kitajima, M., and Okada, Y. (2006) Cancer Res.
66, 9913-9920

Roy, R., Wewer, U. M., Zurakowski, D., Pories, S. E., and Moses, M. A.
(2004) /. Biol. Chem. 279, 51323-51330

Turashvili, G., Bouchal, J., Baumforth, K., Wei, W., Dziechciarkova, M.,
Ehrmann, J., Klein, J., Fridman, E., Skarda, J., Srovnal, J., Hajduch, M.,
Murray, P., and Kolar, Z. (2007) BMC Cancer 7, 55

Le Pabic, H., Bonnier, D., Wewer, U. M., Coutand, A., Musso, O., Baffet,
G., Clément, B., and Théret, N. (2003) Hepatology 37, 1056 —1066

Mino, N., Miyahara, R., Nakayama, E., Takahashi, T., Takahashi, A,
Iwakiri, S., Sonobe, M., Okubo, K., Hirata, T., Sehara, A., and Date, H.
(2009) J. Surg. Oncol. 100, 267-272

Carl-McGrath, S., Lendeckel, U., Ebert, M., Roessner, A., and Rocken, C.
(2005) Int. J. Oncol. 26, 1724

Peduto, L., Reuter, V. E., Sehara-Fujisawa, A., Shaffer, D. R., Scher, H. I,
and Blobel, C. P. (2006) Oncogene 25, 54625466

Frohlich, C., Albrechtsen, R., Dyrskjot, L., Rudkjaer, L., @rntoft, T. F., and
Wewer, U. M. (2006) Clin. Cancer Res. 12, 7359 -7368

Kodama, T., Ikeda, E., Okada, A., Ohtsuka, T., Shimoda, M., Shiomi, T.,
Yoshida, K., Nakada, M., Ohuchi, E., and Okada, Y. (2004) Am. J. Pathol.
165, 1743-1753

Fedak, P. W., Moravec, C. S., McCarthy, P. M., Altamentova, S. M., Wong,
A. P, Skrtic, M., Verma, S., Weisel, R. D., and Li, R. K. (2006) Circulation
113, 238-245

Wang, X., Chow, F. L., Oka, T., Hao, L., Lopez-Campistrous, A., Kelly, S.,

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44

45.

46.

47.

48.
49.
50.
51.
52.
53.

54.
55.

56.

57.

Regulation of ADAM12 Expression by SnoN

Cooper, S., Odenbach, J., Finegan, B. A., Schulz, R., Kassiri, Z., Lopaschuk,
G. D,, and Fernandez-Patron, C. (2009) Circulation 119, 2480 —2489
Wang, X., Oka, T., Chow, F. L., Cooper, S. B., Odenbach, J., Lopaschuk,
G. D., Kassiri, Z., and Fernandez-Patron, C. (2009) Hypertension 54,
575-582

Ma, G., Ainola, M., Liljestrom, M., Santavirta, S., Poduval, P., Zhao, D.,
Chen, T., and Konttinen, Y. T. (2005) /. Rheumatol. 32, 1943-1950
Toft-Hansen, H., Nuttall, R. K., Edwards, D. R., and Owens, T. (2004)
J. Immunol. 173, 5209 -5218

Le Pabic, H., L'Helgoualc’h, A., Coutant, A., Wewer, U. M., Baffet, G.,
Clément, B., and Théret, N. (2005) J. Hepatol. 43, 1038 —1044.

Wu, M. Y., and Hill, C. S. (2009) Dev. Cell 16, 329 —343

Massagué, J., Seoane, J., and Wotton, D. (2005) Genes Dev. 19, 2783-2810
Moustakas, A., and Heldin, C. H. (2005) /. Cell Sci. 118, 3573—-3584
Derynck, R., and Zhang, Y. E. (2003) Nature 425, 577—584

Deheuninck, J., and Luo, K. (2009) Cell Res. 19, 47-57

Lonn, P, Morén, A, Raja, E., Dahl, M., and Moustakas, A. (2009) Cell Res.
19,21-35

Pot, I., and Bonni, S. (2008) Curr. Mol. Med. 8, 319 -328

Stroschein, S. L., Wang, W., Zhou, S., Zhou, Q., and Luo, K. (1999) Science
286, 771-774

Sun, Y., Liu, X., Ng-Eaton, E., Lodish, H. F., and Weinberg, R. A. (1999)
Proc. Natl. Acad. Sci. U.S.A. 96, 12442—-12447

Bonni, S., Wang, H. R., Causing, C. G., Kavsak, P., Stroschein, S. L., Luo, K.,
and Wrana, J. L. (2001) Nat. Cell Biol. 3, 587-595

Stroschein, S. L., Bonni, S., Wrana, J. L., and Luo, K. (2001) Genes Dev. 15,
2822-2836

Wan, Y., Liu, X., and Kirschner, M. W. (2001) Mol. Cell 8, 1027-1039
Nagano, Y., Mavrakis, K. ]., Lee, K. L., Fujii, T., Koinuma, D., Sase, H., Yuki,
K., Isogaya, K., Saitoh, M., Imamura, T., Episkopou, V., Miyazono, K., and
Miyazawa, K. (2007) J. Biol. Chem. 282, 20492-20501

Levy, L., Howell, M., Das, D., Harkin, S., Episkopou, V., and Hill, C. S.
(2007) Mol. Cell. Biol. 27, 6068 — 6083

Cao, Y., Kang, Q., Zhao, Z., and Zolkiewska, A. (2002) J. Biol. Chem. 277,
26403-26411

Ross, S., and Hill, C. S. (2008) Int. J. Biochem. Cell Biol. 40, 383—408
Zhou, S., Zawel, L., Lengauer, C., Kinzler, K. W., and Vogelstein, B. (1998)
Mol. Cell 2,121-127

Le Scolan, E., Zhu, Q., Wang, L., Bandyopadhyay, A., Javelaud, D., Mauviel,
A., Sun, L., and Luo, K. (2008) Cancer Res. 68, 3277—-3285

Zhu, Q., Krakowski, A. R., Dunham, E. E., Wang, L., Bandyopadhyay, A.,
Berdeaux, R., Martin, G. S., Sun, L., and Luo, K. (2007) Mol. Cell. Biol. 27,
324-339

Kim, I. Y., Ahn, H. J,, Zelner, D. J., Shaw, J. W., Sensibar, J. A., Kim, J. H,,
Kato, M., and Lee, C. (1996) Cancer Res. 56, 44 —48

Pouliot, F., and Labrie, C. (1999) Int. J. Cancer 81, 98 —-103

Lynch, M. A,, Petrel, T. A,, Song, H., Knobloch, T.J., Casto, B. C., Ramljak,
D., Anderson, L. M., DeGroff, V., Stoner, G. D., Brueggemeier, R. W., and
Weghorst, C. M. (2001) Gene Expr. 9, 157-171

Atfi, A., Dumont, E., Colland, F., Bonnier, D., L'helgoualc’h, A., Prunier, C.,
Ferrand, N., Clément, B., Wewer, U. M., and Théret, N. (2007) J. Cell Biol.
178, 201-208

Keating, D. T., Sadlier, D. M., Patricelli, A., Smith, S. M., Walls, D., Egan,
J.J., and Doran, P. P. (2006) Respir. Res. 7, 114

Zhang, F., Monkkénen, M., Roth, S., and Laiho, M. (2002) FEBS Lett. 527,
58-62

Sarker, K. P., Wilson, S. M., and Bonni, S. (2005) J. Biol. Chem. 280,
13037-13046

Massagué, J. (2008) Cell 134, 215-230

Leask, A. (2007) Cardiovasc. Res. 74, 207-212

Holt, G., Murnaghan, C., Reilly, J., and Meek, R. M. (2007) Clin. Orthop.
Relat. Res. 460, 240 —252

Swanborg, R. H. (2001) Immunol. Rev. 184, 129-135

Yang, J., Zhang, X., Li, Y., and Liu, Y. (2003) J. Am. Soc. Nephrol. 14,
3167-3177

Tan, R., Zhang, ], Tan, X., Zhang, X., Yang, ]., and Liu, Y. (2006) J. Am. Soc.
Nephrol. 17, 2781-2791

Bierie, B., and Moses, H. L. (2006) Nat. Rev. Cancer 6, 506 —520

JOURNAL OF BIOLOGICAL CHEMISTRY 21977



