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Increased levels of ADAM12 have been reported in a variety of
human cancers. We have previously reported that urinary
ADAM12 is predictive of disease status in breast cancer patients
and that ADAM12 protein levels in urine increase with progres-
sion of disease. On the basis of these findings, the goal of this
study was to elucidate the contribution of ADAM12 in breast
tumor growth and progression. Overexpression of both the
ADAMI12-L (transmembrane) and ADAMI12-S (secreted) iso-
forms in human breast tumor cells resulted in a significantly
higher rate of tumor take and increased tumor size. Cells
expressing the enzymatically inactive form of the secreted iso-
form, ADAM12-S, had tumor take rates and tumor volumes
similar to those of wild-type cells, suggesting that the tumor-
promoting activity of ADAM12-S was a function of its proteo-
Iytic activity. Of the two isoforms, only the secreted isoform,
ADAM12-S, enhanced the ability of tumor cells to migrate and
invade in vitro and resulted in a higher incidence of local and
distant metastasis in vivo. This stimulatory effect of ADAM12-S
on migration and invasion was dependent on its catalytic activ-
ity. Expression of both ADAM12 isoforms was found to be sig-
nificantly elevated in human malignant breast tissue. Taken
together, our results suggest that ADAMI12 overexpression
results in increased tumor take, tumor size, and metastasis in
vivo. These findings suggest that ADAMI12 may represent a
potential therapeutic target in breast cancer.

Human ADAM12 (meltrin o, MCMP) is expressed as two
alternatively spliced forms, a membrane-anchored long form
(ADAM12-L) and a short secreted form (ADAMI12-S) (1).
ADAM12-L and -S share a high overall sequence homology,
differing only in the transmembrane domain (that ADAM12-S
lacks) and a C terminus that is distinct in each isoform. Discrete
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functions can be attributed to the individual ADAM12
domains. The catalytic domain of ADAM12 contains the
consensus HEXGHXXGXXHD zinc-binding motif, and both
isoforms are active proteases. ADAM12-L sheds several mem-
brane-bound ligands, including heparin-binding EGEF-like
growth factor binding protein (HB-EGF) (2), EGF (3), betacel-
lulin (3), Notch ligand delta-like 1 (4), and placental leucine
aminopeptidase (5). ADAM12-S can cleave insulin-like growth
factor binding protein (IGFBP)-3 and IGFBP-5 (6, 7) and
degrade extracellular matrix substrates (8). ADAM12 mRNA
and protein are highly expressed in a variety of malignant
tumor tissues and tumor cell lines including breast, brain, blad-
der, gastric, colon, lung, laryngeal, and hepatocellular carcino-
mas (for a review, see Refs. 9 —16). The role of the two isoforms
of ADAM12 or mechanistic studies describing their functional
role in cancer have been rare to date. In this report, we have
utilized an in vivo orthotopic tumor model that reliably recapit-
ulates human breast tumor growth to investigate the role of the
two distinct isoforms of ADAM12 in the development of inva-
sive breast cancer.

ADAM12 can be detected in the urine of breast (8) and blad-
der (11) cancer patients, and its levels have been shown to cor-
relate with disease status, stage, and cancer risk (8, 17). The
discovery of ADAMI2 as a potential biomarker for breast can-
cer begged the question of its relevance in human breast tumor-
igenesis. We show that overexpression of both ADAM12 iso-
forms in breast tumor cells promotes tumor growth and that
only ADAMI12-S expression stimulates their migration and
invasion in vitro and local and distant invasion iz vivo as a func-
tion of its proteolytic activity. We further show that both
ADAM12-L and ADAM12-S expression levels are significantly
higher in human malignant breast tissue and metastatic lymph
nodes compared with normal breast tissue.

EXPERIMENTAL PROCEDURES

Reagents, Antibodies and Cell Lines—ADAMI12 antibody
rb122 was a gift from Dr. Ulla Wewer (Copenhagen, Denmark).
Other antibodies used in the study include ERa? from Santa
Cruz Biotechnology (Santa Cruz, CA), cytokeratin (Abcam,
Cambridge, MA), GAPDH (Millipore, Temecula, CA),
ADAM12 (Proteintech Group, Chicago, IL). HRP-conjugated
anti-rabbit and anti-mouse antibodies were from Vector Bio-
labs (Burlingame, CA). MCF-7, MDA-MB-231, Hs578T, and

2 The abbreviations used are: ER, estrogen receptor; IHC,immunohistochem-
istry; LN, lymph node(s).
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T47-D cells were obtained from the ATCC and cultured
according to ATCC protocols.

Transfection of Breast Cancer Cells with Human ADAM12-L
and ADAM12-S and siRNA Studies—MCE-7 cells were stably
transfected with the pcDNA3 plasmid encoding human full-
length ADAM12-L, ADAM12-S, and ADAM12-S"™4¢ (with
an E351Q point mutation) using an Amaxa nucleofector kit
(Lonza, Walkersville, MD). Stable clones were selected based
on neomycin-resistant growth (G418, 0.5 mg/ml; Invitrogen).
For siRNA studies, the ADAMI12 siRNA constructs and
DharmaFECT1 transfection reagents (Thermo Scientific,
Lafayette, CO) were used according to the manufacturer’s
instructions. Stable clone pools of ADAM12-expressing T47-D
cells have been described previously by us (18).

Immunoblotting—Cell lysates were prepared using 1X lysis
buffer (Cell Signaling Technology, Danvers, MA). For analysis
of ADAM12-S, serum-free conditioned medium was concen-
trated using a 10-kDa cutoff filter (YM-3 Microcon, Millipore).
Protein concentration of the lysates and conditioned medium
was determined using the Bradford method (Bio-Rad). Immu-
noblotting was conducted as described before (8).

Semi-quantitative RT-PCR and Real-time RT-PCR Analysis—
Total RNA was extracted from cells using the RNAeasy kit
according to the manufacturer’s protocol (Qiagen, German-
town, MD). cDNA was prepared by reverse transcription from
1 ug of total RNA using the Superscript Il reverse transcriptase
kit (Invitrogen). Forward and reverse primers are indicated in
supplemental Table 1. Real time RT-PCR was performed using
iQ™ SYBR® Supermix (Bio-Rad). GAPDH expression was used
for normalization. For ADAMI12-L and ADAMI12-S gene
expression in normal breast and tumor tissue, TissueScan™
tissue quantitative PCR array (Origene, Rockville, MD) was
used according to the manufacturer’s protocol. The panel con-
sisted of cDNA derived from normal (n = 5), Stage I (n = 11),
Stage II (n = 14), Stage I1I (n = 14), and Stage IV (n = 4) breast
cancer tissue, respectively. B-Actin expression was used to nor-
malize relative ADAM12-L and ADAM12-S expression in tis-
sue samples.

Orthotopic Breast Tumor Xenografts in Nude Mice—W'T
MCE-7- and ADAM12-expressing stable clones were cultured
as described until confluent. 4 X 10° cells of each type were
suspended in 40 ul of cold Hanks” balanced salt solution and
injected into the exposed fourth right inguinal mammary fat
pad of 8- to 10-week old female BALB/c nude mice (Charles
River Laboratories, Wilmington, MA) as described previously
(19, 20). Slow-release 17-B-estradiol pellets (Innovative
Research of America, Sarasota, FL) were implanted at the time
of injection. Tumor volume was calculated based on the for-
mula (length X width X width)/2. Animals were sacrificed
when tumor sizes reached ~1 cm in diameter or when mice
were moribund. Primary tumor, axial and sentinel lymph
nodes, and lung and liver tissues were collected for preparation
of paraffin-embedded and fresh frozen sections for analysis.
Lungs were harvested from all tumor-bearing animals, macer-
ated, and cultured under sterile conditions to detect the pres-
ence of epithelial tumor cells of human origin.

Immunohistochemistry—Immunohistochemistry was con-
ducted using paraffin-embedded tumor xenografts or human
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breast cancer tissue arrays (US Biomax, Rockville MD) as
described before (19). The staining intensity of the tumor sec-
tions was evaluated by a pathologist and graded over a range,
with 0 being negative and 3+ the most intense staining.
ADAM12, ERe, and human cytokeratin were detected in lung
tumor cell colonies using immunofluorescence. Cells were
rinsed in PBS, fixed in 4% paraformaldehyde, and blocked with
5% sheep serum. After incubation with primary antibody, Alexa
Fluor-labeled secondary anti-mouse or anti-rabbit was used to
detect expression.

Migration and Invasion Assay—In vitro migration studies
were conducted using a modified Boyden chamber assay as
described previously (19). Briefly, cells (10* cells/well) were
plated in the upper chamber (Costar transwell assay, Corning,
Inc., Corning NY). 600 ul of 10% FBS containing medium was
placed in the lower chamber. After 24 h, cells were fixed and
stained with a Diff-Quik stain set (Siemens, Inc., Deerfield, IL).
Cells adhering to the top of the filter were gently wiped away
and those adhering to the lower surface of the filter were
counted using a microscope at 400X magnification (24 fields).
In invasion assays, cells migrated through a filter precoated
with Matrigel (BD Falcon™ HTS FluoroBlok™, BD Biosci-
ences). After fixation, cells were fluorescently labeled (Cell-
TrackerGreen™, Invitrogen) and counted as above.

Statistical Analysis—Results for migration, invasion, and
proliferation assays are reported as mean = S.D. of at least three
independent experiments. Tumor growth studies were con-
ducted twice. Differences between experimental groups were
statistically analyzed using the Mann-Whitney test, and p =
0.05 were considered to be statistically significant.

RESULTS

ADAM12 Expression Is Elevated in Human Malignant Breast
Tissue and Metastatic Lymph Nodes—To assess the distinct
roles of ADAM12 isoforms in breast tumor growth and pro-
gression, we conducted a comprehensive analysis of arrays of
malignant human breast tissue and adjacent normal tissue for
ADAMI12 protein and mRNA expression by immunohisto-
chemistry (IHC) and real-time RT-PCR, respectively. Although
ADAMI12 protein expression was absent or very low in normal
tissue, higher levels were detected in carcinoma in situ (CIS)
and invasive carcinoma tissues (IDC) (Fig. 1A, upper panel).
The differential ADAMI12 expression pattern could be ob-
served in close proximity within the same tissue section. For
example, normal breast duct displayed little or no ADAMI12
staining; however, clusters of carcinoma in situ and invasive
carcinoma tissue stained moderately and highly for this protein,
respectively (Fig. 1A, lower panel). Positive staining for
ADAM12 was detected with a higher frequency in locally inva-
sive breast carcinoma (invasive lobular carcinoma, ILC, 80%),
invasive carcinoma tissues (92%), and metastatic lymph nodes
(LN) (95%, p < 0.0003) (Fig. 1B) as compared with normal
breast epithelium (35%). Interestingly, staining in normal tissue
was largely negative or at extremely low levels (average inten-
sity, ~ 0.60), whereas carcinoma samples (invasive lobular car-
cinoma and invasive carcinoma tissues; avg. intensity, ~1.9 and
~2.1, p < 0.0001) as well as metastatic LN (average intensity,
~1.9, p < 0.0001) had significantly higher ADAM]12 staining
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FIGURE 1. ADAM12 expression is elevated in malignant human breast tissue. IHC analyses for ADAM12 in a human tissue array. Low or no ADAM12 was
detected in normal breast tissue, whereas significantly higher ADAM12 protein was detected in carcinoma in situ (C/S) and invasive carcinoma (/DC) tissues (A).
B, the frequency of positive ADAM12 expression was significantly higher in malignant tissue as compared with normal breast tissue. C, average ADAM12
staining intensity (range 0-3, where 0 = no staining and 3 = maximum staining intensity) was also significantly higher in malignant tissue as compared with
normal breast tissue. These results are expressed as the mean = S.D. Student’s t test was performed. *, p = 0.001, **, p < 0.0001. D, a majority (80%) of the
matched sets of primary tumor and metastatic LN analyzed had positive expression of ADAM12 for both tissues. E and F, transcript levels of both ADAM12
isoforms are significantly higher in malignant breast tumor tissue. Relative ADAM12-L and ADAM12-S transcript levels were normalized to B-actin and
calibrated to the mean mRNA level (arbitrary value of 1) in normal tissue (gray bars). The fold increase in gene expression relative to the mean value for each
disease sample (ADAM12-S, *, p < 0.05; ADAM12-L, **, p < 0.005) is indicated (E). ADAM12-L is preferentially expressed in Stage | and Il breast cancer, whereas
both forms are expressed in the later stages of disease (F).
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(Fig. 1C). Of the matched sets of primary tumor tissue and
metastatic LN (# = 53) analyzed in this study, ~80% had a
positive expression of ADAM12 in both the primary tumor and
matched LN, ~13% were negative for ADAMI12 in the primary
tumor but had positive staining in the LN, and only ~1% of the
primary tumors were positive for ADAMI12 expression,
whereas their matched LN were negative (Fig. 1D), suggesting
that ADAM12 expression may be essential for primary tumor
growth as well as promoting and/or maintaining distant
metastasis.

Currently available ADAM12 antibodies do not distinguish
between the two isoforms. Therefore, to determine which iso-
forms of ADAMI12 are preferentially expressed in human
malignant breast tissues, we measured the expression of each
isoform in a cDNA array of normal and disease tissue (Tissue-
Scan qPCR array, Origene). The panel consists of cDNA derived
from normal (n = 5), Stage I (n = 11), Stage II (n = 14), Stage I1I
(n = 14), and Stage IV (n = 4) breast cancer tissue. Relative
transcript levels of both the ADAMI2-L (p = 0.007) and
ADAMI12-S (p = 0.008) isoforms were significantly higher
(=2-fold) for Stages I-III of breast cancer as compared with nor-
mal breast epithelium (Fig. 1E). Although levels of ADAM12 in
Stage IV breast cancer samples did not appear significantly dif-
ferent from those for normal breast tissue, only four Stage IV
c¢DNA samples were available for analysis. In fact, in our IHC
analysis of breast cancer tissue microarrays we found that the
ADAM12 staining of Stage IV metastatic breast tumors (1 = 46;
average staining intensity, ~1.68) was significantly higher than
that of normal breast epithelium (n = 68; average staining
intensity, ~ 0.63; p = 0.0001). Comparison of individual iso-
form expression in breast cancer indicated that ADAM12-L
mRNA levels appeared to be slightly but significantly higher in
the early stage I, IIA, and IIB tumor tissues (Fig. 1F) as com-
pared with ADAM12-S mRNA.

ADAMI12 Expression Is Up-regulated in Aggressive and
Metastatic Breast Cancer Cells—We analyzed ADAM12 levels
in a panel of human breast cancer cells that differ in their
aggressiveness, estrogen receptor (ER) status, and metastatic
ability. Transcript levels of ADAM12 were lower in less aggres-
sive, ER-positive cells such as MCF-7 and T47-D in contrast to
highly aggressive, metastatic, and ER-negative cells such as
MDA-MB-231 and Hs578T (Fig. 2A). These data raise the pos-
sibility that ADAM12 contributes to the more aggressive, met-
astatic breast cancer phenotype. To investigate the hypothesis
that ADAM12 isoforms play a role in breast tumor growth and
progression, we selected two model cell lines that express low
levels of this metalloprotease, MCF-7 and T47-D, for overex-
pression studies.

Stable Expression of ADAMI2 Isoforms in MCF-7 Cells—
MCE-7 cells were stably transfected with ADAMI12-L,
ADAMI12-S, and ADAMI12-S"™“* (with an E351Q point
mutation) constructs. Individual clones were selected on the
basis of ADAM12 mRNA and protein expression. A signifi-
cantly higher ADAM12-L mRNA and protein expression was
observed in the stable clones as compared with parental MCE-7
cells (Fig. 2, B and D). Cell-surface ADAM12-L expression was
confirmed via FACS analysis (Fig. 2C). ADAMI12-S-overex-
pressing stable clones displayed an approximate 10- to 30-fold
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increase in ADAM12-S mRNA expression (Fig. 2E) which was
confirmed at the protein level by immunoblot analysis of
serum-free conditioned media (F). Similarly, overexpression in
ADAM12-S"™"¢ clones was confirmed via immunoblot anal-
ysis of serum-free conditioned media (Fig. 2G).

ADAMI2-S Overexpression Significantly Increases Breast
Tumor Cell Migration and Invasion—ADAMI12-S expression
induced significantly higher rates of migration (Fig. 34) in con-
trast to WT MCEF-7. The increased migratory capacity of the
stable clones appeared to be directly proportional to the levels
of ADAM12 expression in the individual clones (data not
shown). Stable clones expressing the enzymatically inactive
form of ADAM12-S (ADAM12-S™"%) on the other hand,
displayed migration rates similar to WT MCF-7 (Fig. 34). In a
standard Matrigel invasion assay, minimal invasion was
observed for WT MCEF-7 (Fig. 3B), whereas ADAM12-S expres-
sion induced significantly more invasion of the Matrigel layer.
As with migration, expression of ADAM12-S*"™ resulted in
very little or no invasion across the Matrigel layer (Fig. 3B).
Silencing of ADAMI12-S expression in the stable clones con-
firmed that this stimulatory effect on migration was specific.
Down-regulation of ADAM12-S mRNA expression (supple-
mental Fig. 1, 60 —75% decrease) resulted in a significant reduc-
tion in migration (70-80% reduction, Fig. 3C) and invasion
(60-80% reduction, D) of the clones as compared with the
controls. These data suggest that the catalytic activity of
ADAMI12-S is crucial for stimulating the migratory and inva-
sive potential of breast cancer cells. Interestingly, overexpres-
sion of ADAM12-L did not result in a similar stimulatory effect
on migration or invasion. Although a single ADAM12-L clone
did display an approximately 2-fold increased migration, this
property was not replicated in the other clones, where migra-
tion or invasion rates were equal to or slightly (but not signifi-
cantly) lower than WT MCE-7 (Fig. 3, E and F). The differential
effects on migration may partly be explained in terms of the
cellular localization and/or substrate specificity of the two
forms.

We next asked whether the effect of ADAM12-S on migra-
tion and invasion could be generalized to other breast cancer
cell lines. Wild-type T47-D, which, like MCE-7 cells, are an
ER-positive, low metastatic line and stable clone pools of
ADAMI12-expressing T47-D cells (18) were analyzed.
ADAMI12-S-expressing T47-D breast tumor cells (Fig. 3G)
migrated at a faster rate than the empty vector-transfected cells,
in contrast to which, ADAM12-L-overexpressing T47-D cells
did not display enhanced migration (G), thereby recapitulating
the effect observed in ADAM12-expressing MCF-7 cells.

ADAM12 Expression Results in Increased Tumorigenicity in
an Orthotopic Breast Tumor Model—We next examined the
effect of ADAMI12 expression on tumor progression in vivo
using an orthotopic mammary fat pad xenograft model in
immunodeficient mice. Multiple MCF-7 clones expressing
ADAM12-L, ADAM12-S, ADAM12-S°*™" and WT MCF-7
cells, respectively, were injected into the mammary fat pad of
8-week old athymic mice in the presence of subcutaneously
implanted slow-release 173-estradiol pellets. The tumor injec-
tion site was monitored weekly, and tumors were measured
when they became palpable starting at ~3 weeks after injection
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of cells. Mice bearing representative tumors from each group
and tumor volumes of individual animals from each experi-
mental group are summarized in Fig. 4. Overexpression of both
isoforms of ADAM12 resulted in a significantly higher tumor
take and increased tumor growth. Tumors arising from indi-
vidual ADAM12-S-expressing clones had significantly higher
tumor take rates (ADAM12-Sclonel, 11 of 15, 75%, p < 0.001;

JUNE 10,2011 +VOLUME 286+NUMBER 23

ADAM12-Sclone2, 5 of 5, 100%, p < 0.001) as compared with
WT MCE-7 (6 of 15, 40%), whereas expression of ADAM12-
geatmut resulted in a tumor take similar to the WT cells (3 of
10, 30%) (Fig. 4, A and B). By week 12, mean tumor volumes
were significantly greater in ADAMI2-S-overexpressing
tumors (~2.5- to 6-fold increase, p < 0.001) than WT
MCE-7 tumors (Fig. 4C), and these differences remained sig-
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FIGURE 4. ADAM12 expression promotes orthotopic tumor growth. A, mice injected with ADAM12-L- and ADAM12-S-expressing clones formed larger
tumors (center panels) than WT MCF-7 cells (left panel) or ADAM12-S"™" (right panel). B and C, histograms and table indicate mean tumor volumes. B and C,
ADAM12-S and ADAM12-L-expressing tumors displayed a significantly higher (= 75%) tumor take and tumor volumes (2- to 6-fold) as compared with the WT
MCF-7 or ADAM12-S<"™ " tumors. D, increased staining of ADAM12 in tumors expressing ADAM12-L and ADAM12-S, respectively, compared with WT MCF-7
tumors. Proliferation (Ki67-positive nuclei) for WT MCF-7and ADAM12-expressing cells remained the same (D), whereas apoptosis rates (TUNEL-positive nuclei)
were significantly lower in the ADAM12-Land ADAM12-S clones, respectively (D and E). H&E staining of representative tumor sections show neatly demarcated
boundaries for WT MCF-7 tumors (D), whereas tumor-invasive fronts in ADAM12-L-expressing tumors were slightly more uneven. ADAM12-S tumors had much
wider and more irregular tumor invasive boundaries.

nificant until the animals were sacrificed at week 16. Inter- eration index of the tumors (rate of proliferation/apoptosis)
estingly, whereas the tumor take rates for the tumors was higherinboth ADAM12-L (1.5-fold) and ADAM12-S (2.2-
expressing the ADAM12-S*""“* were comparable with the fold) as compared with WT MCF-7 tumors (data not shown),
WT MCE-7 tumors, the mean tumor volumes were signifi- suggesting that the increased tumor size may be a consequence
cantly lower (10-fold decrease, p < 0.01) in the former (Fig. of lower apoptotic rates observed in the ADAM12-expressing
4C). Similarly, individual ADAMI12-L-expressing MCF-7 tumors. However, the reduced apoptotic rates were also
clones also had significantly higher tumor take rates (75— observed in tumors expressing ADAMI12-S"™, suggesting
80%, p < 0.001) than WT MCE-7 tumors (40%), respectively  that this effect is not dependent on ADAM12 catalytic function
(Fig.4B). Further, overexpression of the ADAMI12-Lisoform (Fig. 4E). Microvascular density of WT and ADAM12 tumors
also resulted in significantly higher tumor volumes (~2- to  were similar (data not shown).
4-fold increase, p = 0.002) as compared with the WT MCEF-7 ADAMI2-S Expression Promotes Local Tumor Invasion and
tumors (Fig. 4C). Distant Metastasis—To assess the effect of ADAMI12 expres-
IHC analysis confirmed ADAM]12 overexpression in vivo sion on local tumor invasion, microscopic examination of
(Fig. 4D). As expected, localization of the two isoforms was H&E-stained tumor sections was conducted. WT MCE-7
different. ADAM12-L staining was positive on the membrane tumors appeared encapsulated with well demarcated bound-
as well as in the cytoplasm, whereas ADAM12-S-expressing aries that were distinct from the surrounding mammary fat
tumors had more diffuse cytoplasmic staining, with some stain-  pad (Fig. 4D), whereas tumor invasive fronts in a majority of
ing in the extracellular space. Because the ADAM12-expressing the ADAMI12-L-expressing tumors were more uneven, for
tumors had significantly higher growth rates, we analyzed pro-  e.g. the tumor cells appeared to invade into the mammary fat
liferation in these tumors. The number of Ki67-positive nuclei pad and to engulf some of the ducts in the surrounding area
were slightly but not significantly higher in the ADAM12-ex- (Fig. 4D). Remarkably, the phenotype of the ADAMI12-S
pressing tumors compared with the WT MCE-7 tumors (Fig. tumors was more aggressive, with much wider and more
4D); however, TUNEL analysis indicated that the number of irregular tumor invasive boundaries that were sometimes
apoptotic nuclei were significantly lower in ADAM12-L tumors indistinguishable from the surrounding stroma, with clus-
(~1.5-fold decrease, p < 0.00001) as well as in ADAMI12-S ters of breast tumor cells that appear to have migrated away
tumors (~2.5-fold decrease, p < 0.00001) (Fig. 4E). The prolif-  from the primary tumor to grow in nests in the surrounding
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subcutaneous zone and mammary fat pad (Fig. 4D). In some
cases, the primary tumor encroached into the muscle layer of
the abdomen (supplemental Fig. 24). When the tumor sec-
tions were stained for CD34, a marker specific for the vascu-
lature, we detected incidences of tumor cell extravasation
into the intratumoral blood vessels and formation of meta-
static foci (supplemental Fig. 2B). The incidences of blood
vessel extravasation were sporadic but limited to the
ADAM12-S-expressing tumors and were not detected in
ADAM12-L or WT MCE-7 tumors.

To assess distant metastases, sentinel and inguinal LN were
immunostained for H&E (Fig. 5A4). A majority of the LN from
ADAMI2 tumor-bearing mice appeared to be enlarged and,
in some cases, hematogenous. Metastatic cell clusters were
present with a significantly higher frequency in LN from
ADAMI12-S (7 of 18, 40%, p = 0.047) as compared with
ADAMI12-L (3 of 14; 21%, p = 0.24) and WT MCF-7 tumor-
bearing animals (0 of 6, 0%) of tumor-bearing mice, respec-
tively. Gross and microscopic examination of lung tissue from
all tumor-bearing mice revealed no detectable micrometastases
(data not shown). Because MCF-7 is a relatively non-metastatic
cell line, we cultured harvested lung tissue from the sacrificed
mice to assess the possible presence of solitary tumor cells in
the lungs, which would be indicative of distant metastasis.
Lungs were harvested from tumor-bearing animals at week 16,
macerated, and cultured under sterile conditions routinely
used for MCF-7 cells (21). Within two to 3 weeks, colonies of
tumor cells were observed that appeared to be morphologically
indistinguishable from the breast tumor cells grown in culture
(Fig. 5B). A significantly higher number of tumor cell colonies
were detected from lungs of animals bearing ADAMI12-S
tumors (6 of 16, 38%, p < 0.05), whereas no colonies were
detected for the animals bearing ADAM12-S™" (0%) or the
WT MCEF-7 tumors (0%) and 20% of animals bearing
ADAMI12-L tumors (3 of 15, p = 0.13), respectively (Fig. 5C).
To confirm that these colonies of epithelial cells had indeed
originated from the primary orthotopic tumors and were of
human origin, we analyzed expression of ADAMI12, ERq,
and cytokeratin in these cells. Lung cultures from both
ADAMI12-L- and ADAM12-S-expressing tumors stained posi-
tive for ADAM12, with the distinctive cell surface pattern of
localization for the former and the diffuse cytoplasmic staining
observed for the latter (Fig. 5B). Further, both cell types were
positive for ERa nuclear and human cytokeratin staining (Fig.
5B), confirming that the lung colonies of epithelial cells had
indeed originated from the primary orthotopic tumors and
were of human origin. RT-PCR analysis of murine GAPDH and
pulmonary surfactant protein SP-C and SP-A further ascer-
tained that these isolated lung cultures were not mouse lung
epithelial cells but rather of human origin (supplemental Fig.
2C). Therefore, consistent with the in vivo LN metastasis data, a
significantly higher number of mice bearing ADAM12-S-ex-
pressing tumors displayed lung metastasis as compared with
ADAMI2-L or WT MCE-7 tumors.

DISCUSSION

We have previously reported that urinary ADAMI12 is pre-
dictive of disease status in breast cancer patients and that its
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FIGURE 5. ADAM12 expression promotes distant metastasis. A, H&E stain-
ing of lymph node sections indicated that metastatic cell clusters were pres-
ent in LN from ADAM12-S (7 of 18, 40%, p = 0.047) and ADAM12-L-tumor
bearing mice (3 of 14, 21%, p = 0.24), respectively, and completely absent in
WT MCF-7 tumor-bearing animals. B and C, incidences of tumor cell lung
colonization were significantly higher in ADAM12-S tumor-bearing mice (6 of
16, 38%, p < 0.05), whereas no colonies were detected for the animals bear-
ing ADAM12-5"™" (0%) or the WT MCF-7 tumors (0%) and 20% of animals
bearing ADAM12-L tumors (3 of 15, p = 0.13), respectively. B, lung colonies of
tumor cells were positive for ADAM12, ERe, and human cytokeratin immuno-
staining, confirming human and epithelial origin of these cells.
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levels in urine increase with progression of the disease.
Increased levels of ADAM12 mRNA and protein have previ-
ously been reported in a number of cancers and tumor cell lines,
suggesting an active role for ADAM12 in tumor progression.
However, these studies did not identify either the causal role or
the distinct contributions of either ADAM12 isoform in tumor-
igenesis. This study is the only one to date to describe a role for
ADAMI12 overexpression in human cancer cells using an
orthotopic breast tumor model.

IHC of a panel human breast tumors indicated that
ADAM12 expression is up-regulated in primary tumors at early
stages and is maintained at later stages of tumorigenesis and in
metastatic LN. Of the matched sets of primary tumor tissue and
metastatic LN analyzed in this study, a majority had positive
expression of ADAMI12 in both the primary tumor and
matched LN, suggesting that ADAMI12 expression may be
essential for primary tumor growth as well as promoting and/
or maintaining distant metastasis. Interestingly, within this
cohort, ~13% of the primary tumors did not stain positive for
ADAM12, whereas their matched LNs did (Fig. 1D), suggesting
that metastatic cells originating from primary tumors express-
ing low levels or no ADAMI12 may up-regulate ADAMI12
expression during the process of invasion and that ADAM12
function may be critical for the establishment of distant
metastasis.

This is the first report to analyze expression of both the trans-
membrane and secreted isoforms of ADAM12 in human breast
cancer. Our data indicate that there is increased expression of
both isoforms of ADAMI12 in human breast cancer tissue.
Interestingly, expression of the transmembrane isoform,
ADAMI12-L, was found to be slightly but significantly higher in
early stages of breast tumorigenesis, whereas both forms are
expressed in late-stage disease. The tumor stage-dependent dif-
ferences in the expression levels of ADAMI12 isoforms may
result in their distinct contributions to the tumor growth and
metastasis process. Increased expression of the transmembrane
isoform, ADAM12-L, in Stage I and II breast cancer may reflect
its role in promoting tumor growth, perhaps via its sheddase
and growth factor receptor activation function. The high levels
of ADAM12-S in late-stage human breast tumors support its
potential role in tumor invasion and metastasis.

ADAM12 expression and catalytic function has not previ-
ously been correlated with enhanced tumor cell proliferation,
although its effect on the proliferation of normal cells has been
reported. ADAM12-L was reported to regulate bronchial epi-
thelial cell proliferation and apoptosis in an HB-EGF- and
EGFR-dependent manner (22). In addition, ADAM12-L has
been reported to enhance chondrocyte proliferation in osteo-
arthritis via the degradation of IGFBP-5 and increased bio-
availability of insulin-like growth factor (23). Therefore, an
increased expression of ADAM12-L in early-stage breast can-
cer, coupled with its unique sheddase function, may suggest a
role for this protease in breast tumor growth in vivo. The
secreted isoform, ADAM12-S, which is rarely expressed in nor-
mal adult tissue (placenta is an exception) and which we found
to promote tumor cell migration and invasion iz vitro and local
and distant metastasis in vivo, was expressed in late stage
human breast tumors, indicating a potential role in tumor inva-
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sion and metastasis. Surprisingly, ADAMI12 expression in
human breast tumors appeared to be primarily epithelial rather
than stromal. This is in contrast to mouse models of breast and
prostate tumors, where ADAM12 staining was detected almost
exclusively in the stroma (24). This difference suggests that the
ADAMI12-overexpressing orthotopic breast tumor model, used
in this study, may reliably recapitulate human breast tumor
growth compared with other models.

Two recent studies have begun to investigate a role for
ADAM]I2 in tumorigenesis using transgenic mouse models.
One report used the mouse mammary tumor virus-polyomavi-
rus middle T oncogene (MMTV-PyMT) mouse breast tumor
model to show that ADAMI12 transcripts were strongly up-reg-
ulated in the stromal cell subpopulation adjacent to epithelial
tumor cells, which were largely negative for ADAM12 expres-
sion (24). In a gain of function study, transgenic overexpression
of human ADAM12 in MMTV-PyMT mice was reported to
accelerate breast tumor progression and increase tumor bur-
den and aggressiveness (25). This report attributed the effect of
Adam 12 on tumor growth to its opposing effects on apoptosis
(i.e. ADAM12 expression increased sensitivity of stromal cells
to apoptosis but rendered tumor cells resistant to apoptosis).
However, this observed effect of ADAM12 on apoptosis was
independent of its proteolytic function (25). Although we
observe a similar decrease in apoptotic rates in ADAM12-ex-
pressing breast tumor cells, our results are in contrast to the
previous study in that our data indicate that catalytic activity of
the secreted isoform, ADAM12-S, is essential for its protumori-
genic and prometastatic effects in vitro as well as in vivo. In the
case of the transmembrane isoform, we cannot rule out the
possibility that the cysteine-rich, disintegrin or cytoplasmic
domains of ADAMI2-L may independently influence its
tumorigenic potential. It is widely appreciated that use of the
MMTV-PyMT model results in rapid development of multifo-
cal mammary adenocarcinomas as well as local and distant
metastasis, regardless of the expression of the gene/protein of
interest, making it difficult to rigorously and fairly relegate any
effects observed specifically to ADAM12. To address this, we
have tested the effects of ADAM12 overexpression in the breast
tumor epithelium in a less aggressive tumor model, which pro-
vides the opportunity to more clearly assess the potential role of
this protease in the initial establishment of the human breast
tumors (tumor take), growth, and metastasis. Using human
cancer cells in an in vivo orthotopic breast tumor model, we
demonstrate that ADAM]12 expression significantly increased
tumor take and tumor growth.

We have recently reported that ADAMI12 expression in
breast tumor cells results in up-regulation of alternative growth
pathways (18). Expression of ADAM12-L resulted in increased
amphiregulin shedding and a concomitant up-regulation of
EGER protein expression and activation, ultimately resulting in
estrogen-independent breast tumor cell proliferation. Simi-
larly, increased ADAM12-S expression resulted in up-regula-
tion of pIGF-1R and pMAPK levels in breast tumor cells (18).
Therefore, one might speculate that ADAM12-induced higher
tumor growth rates observed in this study may be associated
with its effect on the up-regulation of alternative growth path-
ways. In the case of the secreted isoform, ADAMI12-S, the
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tumor-promoting activity was a function of its catalytic func-
tion because cells expressing the enzymatically inactive form of
the protease had tumor take rates and tumor volumes similar to
parental MCE-7 cells.

Comparative analysis of ADAM12 mRNA in breast cancer
cell lines indicated that expression is significantly elevated in
highly invasive, estrogen-receptor-negative lines such as MDA-
MB-231 and Hs578T as compared with low metastatic, estro-
gen-responsive lines such as MCF-7 and T47-D. To begin to
understand the contribution of the distinct isoforms of
ADAM]12 in promoting breast tumorigenesis, we established
stable clones that overexpress ADAM12-L, ADAMI12-S, and
ADAM12-S respectively, in MCF-7 cells. Expression of
ADAMI12-S resulted in increased migration and invasion of
MCE-7 and T47-D breast tumor cells. This effect was specific
for ADAM12-S, as silencing of expression led to a reversal of
increased migration. Therefore, the metalloprotease function
of ADAMI2-S is crucial for the stimulation of migration
because MCEF-7 cells expressing the catalytically inactive form
of the protein do not display increased migration in vitro. Inter-
estingly, ADAM12-L-expressing cells did not display a similar
increase in migratory capacity. This effect was recapitulated in
the in vivo tumor studies. ADAM12-S tumors had increased
local invasion of the surrounding area, a higher incidence of
vascular invasion, a significantly higher incidence of LN metas-
tasis (40%), as well as lung colonization of individual tumor cells
(38%) as compared with WT MCEF-7 tumors that displayed no
LN or lung colonization. The ADAM12-L-expressing tumors
were moderately invasive (LN metastasis, 21% and lung colo-
nies, 20%). However, these rates were not found to be
significantly higher than WT MCF-7-tumor-bearing animals.
Our data suggests that expression of the secreted isoform,
ADAM12-S, but not the transmembrane isoform, ADAMI12-L,
selectively increased local tumor invasion and incidence of vas-
cular invasion and promoted significantly higher incidence of
LN metastasis as well as lung colonization as compared with
WT MCE-7 tumors. Interestingly, ADAM12 appears to exert
distinct and opposing effects on tumor versus normal cell
migration. For example, ADAM12 was reported to inhibit Chi-
nese hamster ovary cell migration, although this activity was
independent of its catalytic function (26). Similarly, ADAM12-
deficient keratinocytes migrated significantly more than wild-
type keratinocytes in a wound-healing mouse model (27).
Importantly, both of these studies were conducted with normal
cells, and neither of these studies explored isoform-specific
effects on cell migration. Our results suggest that the secreted
isoform, ADAMI12-S, enhances the migratory and invasive
capacity of breast tumor cells, thereby allowing malignant cells
to locally invade as well as to form distant metastasis. There-
fore, in normal tissue, ADAM12 may inhibit cell migration by
mediating cell adhesion via integrin interactions, whereas, in
tumor cells, higher levels of ADAMI12-S proteolytic function
stimulate cell migration and invasion. Although we cannot rule
out the possibility that the effect of the secreted isoform,
ADAM12-S, on tumor cell migration and invasion as well as
tumor metastasis is mediated via integrin interactions, it has
been previously reported that several ADAM family members
can cleave extracellular matrix proteins (28). Therefore, given
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that the effect of ADAM12-S on tumor cell migration and inva-
sion is dependent on catalytic function, it is probable that
ADAM12-S stimulates migration and invasion via ECM cleav-
age and remodeling. Experiments exploring the mechanism by
which ADAM12 may exert its effects of tumor proliferation and
invasion are currently being conducted.

Our study establishes distinct roles for ADAM12 isoforms in
breast tumor progression and in local and distant tumor meta-
stasis. These findings reflect the increased expression of
ADAM12 in human breast cancer and metastatic lymph nodes
and highlight the therapeutic potential of down-regulating or
targeting ADAMI12 in breast cancer, perhaps through the
development of ADAM12-specific inhibitors (29).
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