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Abstract

ADAM12 has recently emerged as a Candidate Cancer Gene in a comprehensive genetic analysis of
human breast cancers. Three somatic mutations in ADAM12 were observed at significant frequencies
in breast cancers: D301H, G479E, and L792F. The first two of these mutations involve highly
conserved residues in ADAM12 and our computational sequence analysis confirms that they may
be cancer-related. We show that the corresponding mutations in mouse ADAM12 inhibit the
proteolytic processing and activation of ADAM12 in NIH3T3, COS-7, CHO-K1 cells and in MCF-7
breast cancer cells. The D/H and G/E ADAM12 mutants exert a dominant-negative effect on the
processing of the wild-type ADAM12. Immunofluorescence analysis and cell surface biotinylation
experiments demonstrate that the D/H and G/E mutants are retained inside the cell and are not
transported to the cell surface. Consequently, the D/H and G/E mutants, unlike the wild-type
ADAM12, are not capable of shedding Delta-like I, a ligand for Notch receptor, at the cell surface,
or of stimulating cell migration. Our results suggest that the breast cancer-associated mutations
interfere with the intracellular trafficking of ADAM12 and result in loss of the functional ADAM12
at the cell surface.
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Introduction

Metalloprotease Disintegrin 12 (ADAM12) is highly expressed in cancer of the breast (1,2),

prostate (3), liver (4), stomach (5), colon (3), bladder (6), and in glioblastoma (7). ADAM12
appears to be selectively up-regulated in cancer cells, and its expression is nearly undetectable
in normal breast, prostate, colon and liver epithelium (1-6). In mouse models of breast, prostate
and colon cancer, ADAM12 is found in a subpopulation of stromal cells adjacent to epithelial
tumor cells (2,3). Although this localization suggests that ADAM12 may play a role in stromal-

Correspondence to: Anna Zolkiewska.

Corresponding author: Anna Zolkiewska, Department of Biochemistry, Kansas State University, 141 Chalmers Hall, Manhattan, KS
66506. Phone: 785-532-3082; Fax: 785-532-7278; E-mail: zolkiea@ksu.edu.

Novelty: This is the first time examination of the effect of breast cancer-associated mutations in ADAM12 on the intracellular processing
and localization of the protein.

Impact: These studies may help develop therapeutic interventions in breast cancer based on functionality of ADAM12 and/or related
signaling pathways.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dyczynska et al.

Page 2

tumor crosstalk, the molecular mechanism of ADAM12 action during cancer progression is
not known.

Studies utilizing mouse models of breast and prostate cancers suggested that ADAM12
promotes tumor progression. Forced expression of ADAM12 in breast tumors of MMTV-
PyMT mice (carrying the polyomavirus middle T oncogene under mouse mammary tumor
virus promoter and developing multifocal mammary adenocarcinomas) accelerated tumor
progression (2). Knocking out ADAM12 expression in prostate tumors of W10 mice
(expressing SV40 large T-antigen under control of probasin promoter and developing prostate
carcinomas) resulted in smaller and better differentiated tumors (3).

Recently, ADAM12 has been identified as one of the Candidate Cancer Genes in a
comprehensive mutational analysis of human breast cancers (8). Three mutations were found
to be associated with breast cancer: D301H in the metalloprotease domain, G479E in the
disintegrin domain, and L792F in the cytoplasmic tail (Fig. 1a). The metalloprotease domain
of ADAM12 is catalytically active and cleaves several protein substrates, including insulin
growth factor-binding protein (IGFBP)-3 and IGFBP-5 (9), epidermal growth factor and
betacellulin (10), placental leucine aminopeptidase (11), and Delta-like 1, a ligand for Notch
receptors (12). The disintegrin domain of ADAM12, in co-operation with the following
cysteine-rich domain, was reported to interact with integrin receptors, syndecans, and with
TGF-p type Il receptor (13-16). The cytoplasmic domain has the ability to bind to several
signaling, cytoskeletal, and adaptor proteins (17-21).

In the present study, we investigated the effects of cancer-associated mutations on ADAM12
function. We show that two mutations that are classified as cancer-causing by a bioinformatic
approach block the generation of the mature, active form of ADAM12, lead to retention of
ADAMZ12 in the endoplasmic reticulum, and result in loss of ADAM12 function at the cell
surface.

Materials and Methods

Expression constructs

Cells

Full-length mouse ADAM12 cDNA was cloned into pcDNA3.1 vector or into pBABEpuro
retroviral expression vector. In pcDNAS3.1 vector, the stop codon was either placed after c-myc
and 6xHlis tags (constructs used in experiments shown in Figs 2 and 3) or immediately after
the ADAM12 sequence (this construct was used in co-expression experiments shown in Fig.
3). The retroviral expression constructs did not contain any tags. The D299H and G477E
mutants were generated by site-directed mutagenesis using QuickChange kit (Stratagene). The
entire lengths of ADAM12 inserts were then sequenced to eliminate the possibility that errors
might have been introduced during the mutagenesis. The expression construct of mouse DII1
was described earlier (12).

COS-7, NIH3T3, CHO-K1, and MCF-7 cells were obtained from American Tissue Culture
Collection. The retroviral packaging cell line Phoenix Eco was provided by Dr. Garry P. Nolan
(Stanford University). COS-7, NIH3T3, and Phoenix Eco cells were grown in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% FBS. CHO-K1 cells were grown
in F12K nutrient mixture with 10% FBS. MCF-7 cells were maintained in DMEM with 10%
FBS and 1 pg/ml insulin. COS-7, NIH3T3, CHO-K1, and MCF-7 cells were transfected with
ADAM12-pcDNA3.1 plasmids using Fugene 6 transfection reagent, cells were lyzed 48 h after
transfection. Phoenix Eco cells were transfected with ADAM12-pBABEpuro vectors using
calcium phosphate precipitation method, viral supernatants were harvested 48 h later and used
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to infect NIH3T3 cells. Cells were either collected 48 h post-infection or were selected for 10
days with 2 pg/ml of puromycin.

biotinylation, immunoprecipitation, and Western blotting

Cells were washed with DPBS, incubated for 30 min at room temperature with 0.5 mg/ml N-
hydroxysulfosuccinimidobiotin (sulfo-NHS-biotin; Pierce), and then washed with growth
medium and DPBS. Cellular proteins were extracted with extraction buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NacCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM 4-(2-
aminoethyl)-benzene-sulfonylfluoride hydrochloride (AEBSF), 5 ug/ml aprotinin, 5 ug/ml
leupeptin, 5 ug/ml pepstatin A, 10 mM 1,10-phenanthroline; 0.5 ml extraction buffer/well in
a 6-well plate). Cell extracts were centrifuged at 21,0009 for 15 min, supernatants were
incubated for 1 h at 4°C with streptavidin sepharose (Pierce; 1 ml cell extract/50 pl of resin).
The resin was washed three times with extraction buffer, eluted with SDS sample buffer;
samples were then resolved by SDS-PAGE and transferred to a nitrocellulose membrane.
ADAM12 enrichment on concanavalin A sepharose columns and immunoprecipitation were
performed as described (12). Primary antibodies were: rabbit anti-ADAM12 cytoplasmic
peptide (1:1000), rabbit anti-DII1 (Santa Cruz Biotechnology, H-265, 0.2 ug/ml), or mouse
anti-c-myc tag (Cell Signaling, 9E10, 1 ug/ml); secondary antibodies were horseradish
peroxidase (HRP)-conjugated anti-rabbit or anti-mouse IgG.

Immunofluorescence

Cells plated on coverslips placed in a 6-well plate were transfected with wild-type or mutant
forms of ADAM12. Two days later, cells were fixed with 3.7% paraformaldehyde in DPBS
for 20 min and permeabilized with 0.1% Triton X-100 in DPBS for 5 min. The coverslips were
incubated with anti-ADAM12 rabbit antibody (1:400 dilution) and mouse anti-KDEL antibody
(1:200 dilution, Stressgen), followed by incubation with Alexa 488-conjugated anti-rabbit IgG
antibody, rhodamine Red-X-conjugated anti-mouse 1gG antibody, and DAPI. After washing
in DPBS, coverslips were mounted on glass slides and examined by Axiovert 200 inverted
fluorescent microscope.

Cell migration

Results

The scratch motility assay was used to evaluate two-dimensional cell migration. NIH3T3 cells
stably expressing the wild-type or mutant forms of ADAM12 were grown to confluence in 6-
well plates. Several scratches were then made on cell monolayers using a sterile 200-pl pipette
tip. Cells were rinsed three times with DPBS and placed in growth medium. The same regions
of each scratch were analyzed after 0 h, 4 h, and 8 h with Axiovert 200 inverted microscope,
using phase contrast optics at 10x magnification. The distance between the edges of each
wounded cell monolayer was measured at 15-20 different points using AxioVision software.
Experiments were repeated three times.

Out of the three mutations in ADAM12 identified in a large-scale analysis of breast cancer
genome, two mutations involve amino acids that are conserved between different species
(D301 and G479), and one mutation involves an amino acid that is not conserved (L792; Fig.
1a). We first used two computational web-based approaches to determine a potential
significance of mutating these sites. SIFT algorithm (Sorting Intolerant From Tolerant,
available at http://blocks.fhcrc.org/sift/SIFT.html) predicts whether an amino acid substitution
affects protein function based on sequence homology and the physical properties of amino
acids (22-24). SIFT calculates a score for each possible amino acid substitution at a particular
position in a protein. Scores range from 0 to 1, where 0 is damaging and 1 is neutral. The
minimum cumulative score (for all possible substitutions, including no change) at any position
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is 1. Fig. 1b shows the results of SIFT analysis for the metalloprotease, disintegrin, and
cytoplasmic domains of human ADAM12. The cumulative scores at D301 and G479 are 1,
meaning that no changes are allowed and all mutations are predicted to be deleterious. In
contrasts, the cumulative score at L792 is close to 9, which indicates that many substitutions
are tolerated at this site. The score for the L792F mutation is 0.71, suggesting that this change
should not have a significant effect on ADAM12 function.

The second algorithm, CanPredict (available at
http://www.cgl.ucsf.edu/Research/genentech/canpredict/), combines the information from
SIFT, the Pfam-based LogR.E-value, and the Gene Ontology Similarity Score (GOSS) metrics
to distinguish cancer-associated missense mutations from common polymorphisms (25,26).
The Pfam-based LogR.E-values for the D301E, G479E, and L792E mutations were 1.15, 1.21,
and -0.08, respectively (as stated in ref. 27, LogR.E-value scores > 0.5 are likely to indicate
deleterious changes); the GOSS score for all three mutations was 5.31. Based on the scores
obtained from SIFT, Pfam-based LogR.E-value, and the GOSS metrics, the D301H and G479E
mutations were predicted by the CanPredict algorithm to be likely cancer-causing, whereas the
L792F mutation was classified as likely non-cancer. Similar predictions were obtained for the
corresponding mutations in mouse ADAM12: D299H, G477E, and S788F. The effects of the
D299H and G477E mutations on the intracellular trafficking and processing of mouse
ADAM12 were then examined in the remaining part of this study.

When COS-7, CHO-K1, MCF-7, or NIH3T3 cells were transiently transfected with a plasmid
encoding the wild-type ADAM12, two forms of ADAM12 were readily detected in the
immunoblots: the nascent, full-length form of ~120 kDa and the mature, processed form of
~90 kDa that lacks the pro-domain and represents the catalytically active enzyme (Fig. 2a-d).
In contrast, transfections with plasmids encoding the D299H and G477E ADAM12 mutants
(designated D/H and G/E, respectively) produced exclusively the 120-kDa nascent form of
ADAM12 and the 90-kDa processed form was not detected (Fig. 2a-d). To exclude the
possibility that the difference in processing of the wild-type ADAM12 and the D/H and G/E
mutants was caused by high levels of protein expression in plasmid-transfected cells, we used
a retroviral expression system that resulted in more moderate levels of ADAM12 expression.
NIH3T3 cells were infected with ecotrophic viruses containing the wild-type, D/H, or G/E
ADAM12 genes. Two days after infection, 50-70% cells stained positively for ADAM12, and
the expression level of ADAM12 in individual cells was significantly lower than in
plasmidtransfected cells (result not shown). Importantly, Western blot analysis of infected cells
showed that, similarly to the transfected cells, the D/H and G/E mutants were not processed
(Fig. 2d, middle panel). Furthermore, the lack of processing of the D/H and G/E mutants was
observed after stable expression in NIH3T3 cells, when steady state levels of protein expression
were achieved (Fig. 2d, right panel). These results demonstrate that the D/H and G/E mutations
block the proteolytic processing and the generation of the active, 90-kDa form of ADAM12.

The D/H and G/E mutations in ADAM12 observed in breast cancers were monoallelic (8).
This suggests that another copy of the ADAM12 gene should be intact and should produce the
wild-type ADAM12 protein. To examine whether the presence of the mutated forms of
ADAM12 affects the processing of the wild-type form, we co-expressed both the wild-type
and the mutant forms in COS-7 cells. The D/H and G/E forms contained C-terminal c-myc and
6xHis tags and migrated in SDS-PAGE gels with slightly lower mobilities than the wild-type
ADAM12 that did not contain any tags. As shown in Fig. 3a, the presence of either the D/H
or G/E mutant drastically diminished the amount of the 90-kDa active form of the wild-type
ADAM12 in cotransfected cells, suggesting that the D/H and G/E mutants exerted a dominant-
negative effect on the processing of the wild-type ADAM12. One possible mechanism of such
dominant-negative effect could be an association between the wild-type and mutant forms of
ADAM12. Coimmunoprecipitation experiments using anti-c-myc tag antibody revealed that
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the wild-type, untagged ADAM12 did indeed associated with c-myc-tagged D/H and G/E
mutants (Fig. 3b).

The processing of ADAM12 is mediated by furin-like proteases and it takes place in the Golgi,
after the protein leaves the endoplasmic reticulum (ER). The lack of processing of the D/H and
G/E mutants suggested that these mutants might be exported from the ER less efficiently than
the wild-type ADAM12. Indeed, immunofluorescence analysis of transfected NIH3T3 cells
showed that while a sizeable amount of the wild-type ADAM12 was present in post-ER
compartments (Fig. 4a-c), the D/H or G/E mutants were retained in the ER (Fig. 4d-i).
Moreover, we observed that cells expressing either the wild-type ADAM12 or the D/H or G/
E mutant frequently showed stronger ER-staining than the neighboring, non-transfected cells
(for example, see Fig. 4b and 4h). Since the main proteins recognized by the antibody to stain
the ER, are molecular chaperones BiP and Grp94, this result suggests that the D/H and G/E
mutants might be partially misfolded, leading to the up-regulation of chaperone expression and
the inability to leave the ER.

We next determined the effect of D/H and G/E mutations on the cell surface expression of
ADAM12. NIH3T3 cells were subjected to surface biotinylation using sulfo-NHS-biotin, a
membrane impermeable protein biotinylation reagent, followed by binding of the biotinylated
proteins to streptavidin sepharose and detection of ADAM12 by Western blotting. In the wild-
type ADAM12-expressing cells, the 90-kDa mature form was biotinylated and the nascent 120-
kDa form was not (Fig. 5a). In mutant-expressing cells, no biotinylation of ADAM12 was
detected, which is consistent with their lack of proteolytic processing and retention in the ER.
Finally, we performed two functional tests for ADAM12 at the cell surface. First, we examined
the proteolytic processing of Delta-like 1 (DII1), a ligand for Notch receptor and a recently
identified cell surface substrate for ADAM12 (12). NIH3T3 cells stably expressing the wild-
type, D/H, or G/E mutant forms of ADAM12 or control NIH3T3 cells were transfected with
mouse Delta-like 1 (DII1). In NIH3T3 cells expressing the wild-type ADAM12, the extent of
DII1 processing was significantly higher than in control cells. In contrast, in cells expressing
either the D/H or the G/E mutant, there was no increase in DII1 processing (Fig. 5b). Second,
we compared the effect of overexpression of the wild-type ADAM12 and ADAM12 mutants
on cell migration. Our recent studies indicate that ADAM12 increases two-dimensional
migration of several cell types, including NIH3T3 fibroblasts (Syta and Zolkiewska,
manuscript in preparation), and the mechanism by which ADAM12 stimulates cell migration
is currently under investigation in our laboratory. Here, NIH3T3 cells stably expressing the
wild-type ADAM12 showed higher mobility than control cells or cells expressing the D/H or
G/E mutants (Fig. 5¢). These distinct effects on cell migration were not caused by different
expression levels of the recombinant proteins, as both the wild-type ADAM12 and the two
mutant forms were expressed at similar levels (Fig. 2d). Rather, these results suggested that
proper processing of ADAM12 and its cell surface localization were required for increased
cell migration. Collectively, the results in Fig. 5 demonstrated that the D/H and G/E mutations
blocked the expression of a functionally active ADAM12 at the cell surface.

Discussion

ADAMs and ADAMTSs (ADAMs with thrombospondin motifs) emerge as important
regulators of cancer progression (28,29). Human breast cancers are often associated with
elevated levels of ADAMY, 12, 15, 17, and 28 (1,2,30-33). Transgenic expression of ADAM12
in breast tumors in mice promotes tumor growth (2) and overexpression of ADAM17 in human
breast cancer cells increases cell proliferation and invasion (33). ADAMTSL is up-regulated
in breast tumors that develop bone metastases (34). Elevated levels of ADAMTSS in breast
cancers, together with low levels of ADAMTS15, are associated with a poor clinical prognosis
(35). ADAMTS18 has been recently identified as a tumor suppressor gene that is frequently
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inactivated epigenetically in breast carcinomas (36). Furthermore, matrix metalloproteases
(MMPs), a protease family related to ADAMs, have a well established role in breast cancer
progression (37).

A genome-wide analysis of breast and colorectal cancers identified 122 genes that are
frequently mutated in breast cancers and 69 genes mutated with high frequencies in colorectal
cancers (8). The list of genes mutated in colorectal cancers included five ADAM-related genes,
ADAM29, ADAMTS15, ADAMTS18, ADAMTSL3 (ADAMTS-like 3/punctin-2), and MMP2.
ADAMTSL3, which had the highest cancer mutation prevalence (CaMP) score among these
metalloproteases, has been recently found to be significantly reduced in colon cancer compared
to normal colon (38). It was pointed out that if cancer-associated mutations lead to the loss of
function of ADAMTSL3, then they would additionally decrease the level of ADAMTSL3 in
cancer cells and this is how they may contribute towards development and progression the
colorectal cancer (38).

In contrast, among the 122 genes found to be mutated with high frequencies in breast cancers,
there was only one ADAM, namely ADAM12 (8). The only other gene coding for an
extracellular protease was TMPRSS6 (transmembrane protease, serine 6), which is not related
to ADAMs. Furthermore, only 14 genes had a higher cancer mutation prevalence score than
ADAM12. High mutation frequency in the ADAM12 gene, together with a strongly up-regulated
expression of ADAM12 in breast cancer (1) suggests that ADAM12 may play an important
role in breast cancer progression.

Our computational, web-based analyses indicated that two out the three reported mutations in
ADAM12, D301H and G479E, are most likely cancer-associated. Introduction of the
corresponding mutations in mouse ADAM12 resulted in lack of the proteolytic processing of
ADAM12, retention of the protein in the ER, and loss of the functional ADAM12 at the cell
surface. We used two independent methods to assay ADAM12 at the cell surface, proteolytic
processing of DII1 and measurement of cell migration. The ability of ADAM12 to cleave DII1,
the cell surface localization of this reaction, and the effect of ADAM12-mediated cleavage of
DII1 on Notch signaling have been recently described (12). The role of ADAM12 in cell
migration may be more complex. It was reported that ADAM12 inhibited integrin a4p1-, but
not integrin a5p1-mediated migration of CHO cells on fibronectin (39). Several other reports
showed that different ADAMS can either inhibit or stimulate migration of various cell types
(40,41). As shown in Fig. 5c, introduction of the wild-type ADAM12 into NIH3T3 cells
expressing endogenous levels of integrin receptors resulted in enhanced cell migration, and
the D/H and G/E ADAM12 mutants were significantly less potent in this assay. While the
mechanism of ADAM12-stimulated cell migration is currently under investigation in our
laboratory, the lower ability of the D/H and G/E mutants to enhance cell migration is consistent
with their impaired intracellular processing and transport to the cell surface.

All three mutations in ADAM12 found in breast cancers, including D/H and G/E, were
monoallelic (8). If loss of the functional ADAM12 at the cell surface is going to be relevant to
cancer progression, the D/H and G/E mutations should either lead to ADAM12
haploinsufficiency or should exert a dominant-negative effect on the wild-type ADAM12
protein that is produced in the presence of a single copy of the wild-type ADAM12 gene. Our
co-expression experiments show that the D/H or the G/E mutants associate with the wild-type
ADAM12 and interfere with its proteolytic processing and activation, suggesting that they
indeed might exert a dominant-negative effect. Although self-association properties of
ADAM12 or other ADAMSs have not been extensively studied, at least two different ADAMs,
ADAM1 and ADAM2, were previously shown to form heterodimers (42,43). Thus, it possible
that ADAMs in general, or ADAM12 in particular, have a tendency to form multimers. It is
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also conceivable that the associative properties of ADAM12 are changed upon introduction of
the D/H or G/E mutation, a possibility that we are currently investigating.

Loss-of-function of cancer-associated D/H and G/E ADAM12 mutations is unexpected, as it
seems to contradict the in vivo studies in which overexpression of ADAM12 in breast tumors
of MMTV-PyMT mice accelerated tumor progression (2). It has to be pointed out that the
ADAM12 construct overexpressed in MMTV-PyMT mice lacked the cytoplasmic tail and thus
certain unidentified tumor-suppressing functions of the cytoplasmic domain of ADAM12
might have been overlooked. On the other hand, knocking out the ADAM12 gene in W10 mice
resulted in reduced prostate tumor size and better differentiated prostate tumors (3), which is
consistent with an oncogenic function of ADAM12. Although the effect of deleting ADAM12
expression in mouse models of breast cancer is not known yet, one might predict that the
development of mammary tumors will be delayed in the ADAM127- background.

Our findings linking breast-cancer associated mutations in ADAM12 to the lack of expression
of the functional protein at the cell surface and its retention in the ER may be explained in
several ways. First, it is possible that ADAM12 has a dual effect on breast cancer progression.
This effect would be similar to the effect exerted, for example, by transforming growth factor
B (TGF-B). TGF-p has the tumor growth-inhibiting activity at the early stage of tumor
development and tumor-promoting activity during later stages of tumor progression and
invasion (44,45). If this is the case for ADAM12, breast cancer-associated mutations in
ADAM12, by interfering with production of the functional ADAM12, would compromise the
tumor growth-inhibiting function of ADAM12 and would effectively promote tumor
development. Interestingly, ADAM12 has been recently shown to interact with TGF-f type I
receptor (TPRII), to stabilize the receptor, and to enhance TGF-p signaling (16). Thus, the
interaction with TBRII may represent a tumor-suppressing aspect of ADAM12. Furthermore,
we have recently demonstrated that ADAM12 sheds DII1, a ligand for Notch receptor, from
the cell surface and modulates the Notch signaling (12). DII1, similar to ADAM12, is highly
expressed in breast tumors (46). Although Notch signaling stimulates mammary tumorigenesis
(47,48), the Notch pathway has also been reported to have tumor-suppressive functions (49,
50). In consequence, the effect of DII1 shedding on breast cancer progression may be complex
and it may also depend on tumor stage.

Second, it is possible that the main tumor-promoting activity of ADAM12 takes place in the
ER. The wild-type ADAM12 is found both at the cell surface and the ER, and the D/H and G/
E mutants localize predominantly to the ER. The loss of ADAM12 at the cell surface as a result
of cancer-associated mutations is obviously very different from the loss caused by gene
knockout, where ADAM12 protein is never expressed. If the presence of ADAM12 in the ER
promotes tumor growth, then the retention of the D/H and G/E mutants in the ER may augment
this effect. One possible consequence of accumulation of ADAM12 in the ER might be
induction of the ER stress and the unfolded protein response (UPR). The UPR has been
observed in certain tumors, where it seems to play a protective role during tumor development
and to alter the sensitivity of tumor cells to chemotherapeutic agents (51,52). Future studies
on the molecular and cellular consequences of mutating ADAM12 should shed more light on
the role of ADAM12 in tumorigenesis and should help develop therapeutic interventions in
breast cancer based on the functionality of ADAM12.
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Signal Transmembrane
sequence Metalloprotease Cysteine-rich
J
Prodomain Disintegrin EGF-like Cytoplasmic

ADA12_HUMAN
ADA12_MOUSE
ADA12_BOVINE
ADAL2_XENTR

291 KMKLLPRKSHDNAQLVSGVYF
289 KIKLLPRKSHDNAQLISGVYF
299 KMKLLPRKSHDNAQLISGVYF
304 KLKLLPQKPHDNAQLVSGVYF

469 CCEDCQLKPAGTACRDSSNSC
467 CCEDCQLKPPGTACRGSSNSC
477 CCENCRLKPAGTACRDPSNAC
482 CCEDCKLKPAGTPCRDANNFC
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(a) Domain organization of ADAM12 and localization of the three mutations identified in a
large-scale screen of breast cancer genome (8). Alignments of amino acid sequences of human,
mouse, bovine and xenopus ADAM12 surrounding the mutated sites are shown below the
diagram, the mutated amino acids are bold and underlined. (b) Cumulative SIFT (Sorting
Intolerant From Tolerant) scores for individual positions in the metalloprotease domain
(residues 214-416), the disintegrin domain (residues 433-508), and the cytoplasmic domain
(residues 730-909) of human ADAM12. At each position, SIFT scores for individual amino
acid substitutions were calculated using the software available at
http://blocks.fhcre.org/sift/SIFT.html, the scores for all possible substitutions at a particular
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position were then added up. Positions of D301, G479, and L792 are indicated by arrows.

Notice that the cumulative score at D301 and G479 is 1, the minimal cumulative score value
possible, indicating that no substitutions are allowed at these positions.
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Proteolytic processing of the wild-type and mutant forms of ADAM12 in different cell types.
COS-7 (a), CHO-K1 (b) or MCF-7 cells (c) were transiently transfected with the wild-type
mouse ADAM12 (wt), the D/H mutant (D299H), the G/E mutant (G477E), or with empty

vector (Vec). (d) NIH3T3 cells were transiently transfected with ADAM12 plasmid constructs
(left panel), were infected with ADAM12 retroviruses (middle panel), or were selected with
puromycin for stable expression of ADAM12 proteins after retroviral infection. Cell extracts
(a, b, ¢) or glycoprotein-enriched fractions of cell extracts obtained after passing through
concanavalin A sepharose columns (d) were analyzed by Western blotting using antibodies
specific for the cytoplasmic tail of the recombinant proteins. Arrows show the position of the
full-length, nascent ADAM12, asterisks indicate the mature, processed, catalytically active
form of ADAM12.
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Figure 3.

The effect of D/H and G/E mutations on the proteolytic processing of the wild-type ADAM12.
COS-7 cells were transfected with the wild-type ADAM12 (wt, lanes 1-3) or with empty vector
(Vec, lanes 4-6). Cells were co-transfected with the D/H (lanes 2 and 4) or G/E (lanes 3 and
5) ADAM12 mutant containing C-terminal c-myc and 6xHis tags. Alternatively, cells were
co-transfected with empty vector (lanes 1 and 6). (a) The expression of all ADAM12 proteins
was examined by immunoblotting with anti-ADAM12 antibody (left); the D/H and G/E
mutants were visualized by immunoblotting with anti-c-myc tag antibody (right). The position
of the full-length wild-type ADAM12 is indicated by arrow, the full-length ADAM12 mutants
are indicated by arrowhead, the processed form of ADAM12 is designated by asterisk. Notice
that the proteolytic processing of the wild-type ADAM12 is diminished in cells co-expressing
the D/H or G/E ADAM12 mutants. (b) The D/H and G/E mutants were immunoprecipitated
using anti-c-myc tag antibody, the immunoprecipitates were analyzed by immunoblotting with
anti-ADAM12 antibody (left) or anti-c-myc tag antibody (right). Notice the presence of the
full-length wild-type ADAM12 in the immunoprecipitates obtained from cells that were co-
transfected with the wild-type and mutant ADAM12.
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Figure 4.

The effect of D/H and G/E mutations on the intracellular localization of ADAM12. NIH3T3
cells were transfected with the wild-type (wt; a-c), D/H (d-f) or G/E (g-i) mutant forms of
ADAM12. Cells were co-stained with anti-ADAM12 antibody (green), anti-KDEL antibody,
an endoplasmic reticulum (ER) marker (red), and DAPI (blue). Notice that while the wild-type
ADAM12 is detected both in the ER and in post-ER compartments, the D/H and G/E mutants
are retained within the ER.
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Figure 5.
The D/H and G/E mutations result in loss of the functional ADAM12 at the cell surface. (a)

NIH3T3 cells infected with the wild-type (wt), D/H, or G/E mutant forms of mouse ADAM12
or with control (Vec) retroviruses were cell surface biotinylated. The biotinylated proteins were
isolated on streptavidin sepharose and subjected to SDS-PAGE and Western blotting with anti-
ADAM12 antibody. Notice that the main biotinylated form of ADAM12 corresponds to the
90-kDa processed form (asterisk) and is detected in the wild-type ADAM12-expressing cells,
but not in the D/H or G/E mutant-expressing cells. (b) NIH3T3 cells stably expressing the wild-
type, D/H, or G/E mutant forms of ADAMZ12 or control NIH3T3 cells (Vec) were transfected
with mouse Delta-like 1 (DII1). Cell extracts were subjected to Western blotting with an
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antibody recognizing the C-terminal part of DII1. Notice that while the full length (FL) DII1
is processed by the wild-type ADAM12 and the amount of the C-terminal fragment (CTF) of
Dl isincreased, the D/H and G/E mutants do not process DII1. (c) Two-dimensional migration
of control NIH3T3 cells (Vec) or NIH3T3 cells stably expressing the wild-type, D/H, or G/E
mutant forms of ADAM12.
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