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ABSTRACT:
Secreted matrix metalloproteinases (MMP)-2 and MMP-9 and membrane-

anchored aminopeptidase-N/CD13 are abnormally expressed in human acute myeloid 
leukaemia (AML). We previously showed that CD13 ligation by anti-CD13 monoclonal 
antibodies can induce apoptosis in AML cells. Here, we assessed ADAM17 expression 
in primary blood blasts CD13+CD33+ from patients with AML. Primary AML cells 
expressed ADAM17 transcript and its surface expression was higher in subtype M4 
(myelomonocytic) and M5 (monocytic) AML specimens than in M0 and M1/M2 (early 
and granulocytic) specimens. In AML cell lines defining distinct AML subfamilies (HL-
60/M2, NB4/M3, THP-1/M5, U937/M5) and primary AML cells cultured ex vivo, anti-
CD13 antibodies downregulated surface CD13 and ADAM17 without affecting MMP-
2/-9 release. Knockdown of CD13 by siRNA prevented anti-CD13-mediated ADAM17 
downregulation, indicating that CD13 is required for ADAM17 downregulation. Soluble 
ADAM17 was not detected in the medium of anti-CD13 treated cells, suggesting 
that ADAM17 was not shed. After ligation by anti-CD13, CD13 and ADAM17 were 
internalized. Subsequently, we found that ADAM17 interacts with CD13. We postulate 
that the interaction of ADAM17 with CD13 and its downregulation following CD13 
engagement has important implications in AML for the known roles of ADAM17 in 
tumour-associated cell growth, migration and invasion. 

INTRODUCTION

Acute myeloid leukaemia (AML) is a clinically 
and genetically heterogeneous haematopoietic cancer 
characterized by the clonal accumulation of immature 
myeloid precursors in the bone marrow [1, 2]. Distinct 
AML subfamilies are defined by the development stage 
at which the cells are arrested [1, 2]. Human AML cells 
show abnormally high levels of proliferation and survival 
and infiltrate extramedullary organs. The majority of AML 
respond to initial treatment; however relapse is common 
indicating resistance of malignant cells to chemotherapy 
[1, 2]. There is now compelling evidence that deregulated 

interactions between malignant cells, surrounding stromal 
cells and the extracellular matrix (ECM) play a pivotal 
role in survival and drug resistance of tumour cells [3, 
4]. Several types of proteases control the degradation and 
turnover of ECM components [5-8]. The secreted matrix 
metalloproteinases (MMPs) (including MMP-2 and MP-
9) and membrane-anchored ADAMs (a disintegrin and 
metalloproteinase) (including ADAM17, also known 
as tumour necrosis factor-α-converting enzyme) cleave 
many different targets (ECM, cytokines, growth factors, 
chemokines and cytokine/growth factor receptors) [9-12]. 
Through their proteolytic activities, these proteases are 
implicated in tumour-associated processes such as cell 
growth, survival, migration, invasion and angiogenesis [11, 
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12]. There is now compelling evidence to suggest that by 
binding cell surface proteins, secreted MMP-2 and MMP-
9 can directly trigger intracellular signalling pathways 
that control tumour cell events [13]. Another family 
of membrane-anchored enzymes (the ectopeptidases, 
including the metalloenzyme aminopeptidase-N/CD13) 
have been shown to participate in extracellular proteolysis 
and influence major biological processes (cell growth, 
motility and the secretion of inflammatory and angiogenic 
cytokines) [5, 14, 15].

The metalloproteases MMP-2, MMP-9, CD13 and 
ADAM17 are already considered to be useful markers in 
several cancers [10, 16-19]. In contrast to normal myeloid 
precursors, AML cells secrete high levels of the latent 
forms of MMP-2 and/or MMP-9 (proMMP-2, proMMP-9) 
[20-24]. Both proMMP-2 and proMMP-9 may contribute 
to the dissemination of AML cells from the bone marrow 
[21, 25]. In AML, bone marrow levels of MMP-9 are 
lower in patients who achieve a complete remission than 
in patients who do not [26]. The CD13 antigen is strongly 
expressed on stem cells and leukaemic blasts in all AML 
subtypes [27]. We recently showed that monoclonal 
antibodies against CD13 can induce caspase-dependent 
apoptosis in AML cells (independently of CD13 enzymatic 
activity) [28]; these results highlighted CD13 as a potential 
drug target in AML [18]. ADAM17 is expressed in human 
AML cell lines derived from AML [29, 30]. However, 
to the best of our knowledge, there are no literature data 
on ADAM17 expression in primary AML cells. In the 
present study, we first investigated the expression status 
of ADAM17 in myeloid blasts from peripheral blood as 
a function of the latter’s French-American-British (FAB) 
subtype (M0, M1, M2, M4, M5). In addition, we sought 
to determine whether CD13 ligation could affect the ex 
vivo expression of both proMMP-2/-9 and ADAM17 by 
primary cells from patients with AML. We demonstrate 
herein that ADAM17 is expressed in primary AML cells, 
identified a novel CD13-ADAM17 interaction and then 
provided evidence that CD13 ligation downregulates 
ADAM17 surface expression in AML. 

RESULTS

Expression of ADAM17, CD13, MMP-2 and 
MMP-9 in primary AML cells

We examined the levels of ADAM17, CD13, 
MMP-2 and MMP-9 on primary AML blood blasts with 
different subtypes (M0, M1, M2, M4, M5). Representative 
examples of RT-PCR products are shown in Figure 1. 
CD13 and ADAM17 PCR products were detected in 
all the AML samples tested (Figure 1). In contrast, the 
MMP-2 and MMP-9 transcripts patterns appeared to be 
independent of the FAB subtype (Figure 1). Figure 2A 

shows the representative results of flow cytometry for 
M0-, M1-, M2-, M4- and M5-subtype primary AML cells. 
As previously reported [27], all AML samples express 
surface high levels of CD13 (Figure 2A). However, surface 
levels of ADAM17 were lower for FAB M0, M1, M2 
AML cells than for FAB M4/M5 cells (Figure 2A). There 
were statistically significant ADAM17 differences in the 
number of fluorescent cells (Figure 2B) and the mean of 
fluorescence intensity (data not shown) of the blasts from 
52 patients with various FAB subtypes of AML. Thus, 
the ADAM17 mRNA levels in AML blasts appeared to 
be correlated with the levels of surface ADAM17 protein. 
In parallel, zymography analysis of AML cell lysates and 
their conditioned culture media (after 48 h of culture) 
revealed the presence of proMMP-9 and proMMP-2 
activities at 92 kDa and 72 kDa respectively (Figure 
3A). Active MMP-9 (at 82 kDa) was detected in some 
samples (Figure 3A). As quantified in ELISAs, the mean 
(range) MMP-2 and MMP-9 concentrations (after a 48 h 
of culture) released by AML cells were respectively 3,4 
(0-18) and 14,4 (0-51) ng/ml (Figure 3B). 

CD13 ligation induces ADAM17 downregulation 
in primary AML cells

The specific monoclonal antibodies (mAbs) WM15, 
SJ1D1 and MY7 which recognize different epitopes of 
CD13 [31-33] bind similar levels of surface CD13 on 
primary AML cells [28]. We further examined the effects 
of MY7 anti-CD13 on the levels of released proMMP-2/-9 
and surface CD13 and ADAM17 in AML blasts. Cells 
were cultured in the absence or presence of MY7 or its 
isotype-matched IgG1 (10 µg/ml) (effective concentration 
for inducing AML cell apoptosis [28]). As assessed by 
ELISAs, the amounts of proMMP-2 and proMMP-9 
released by AML cells were not significantly affected by 
48 h of MY7 treatment (Figure 3C) or WM15 and SJ1D1 
treatment. As examplified in Figure 4A, 24 h of exposure 

Figure 1: PCR analyses of CD13, MMP-9, MMP-2 and 
ADAM17 transcripts in primary AML cells. Samples 
were standardized for total cDNA content by assessing the 
presence of identical amounts of β2-microglobulin transcripts. 
PCR products were run on 1.8% agarose gels.
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to MY7 induced the concomitant downregulation of 
CD13 and ADAM17 in AML samples. These results were 
confirmed in all primary AML cells and did not appear to 
depend on the FAB subtype (Figure 4B). Other antigens 
tested (such as CD15, CD33, CD44, CD64, CD143/
angiotensin converting enzyme and integrins β1/β2) were 
not affected by MY7 treatment (Figure 4A for CD33, 
and data not shown). The MY7-responsive samples also 
responded to WM15 or SJ1D1 by downregulating surface 
CD13 and ADAM17. 

CD13 ligation induces ADAM17 downregulation 
in AML cell lines

We first examined the effects of anti-CD13 on 
ADAM17 expression in monoblastic (M5) U937 cells. 
Untreated U937 cells co-expressed CD13 and ADAM17. 
Surface CD13 and ADAM17 levels both fell after 48 h of 
incubation with MY7 but did not change in IgG1-treated 
cells (10 µg/ml) (Figure 5A) or untreated cells (data not 
shown). Time-course studies revealed a time-dependent 
inhibitory effect of MY7 on the surface CD13 and 
ADAM17 levels; a significant effect was already noted 
in MY7-treated cells after 5 h of incubation and persisted 
at 72 h (Figure 5B), indicating that the downregulation 

of CD13 and ADAM17 proteins by MY7 is both rapid 
and long-lasting. Moreover, the WM15 and SJ1D1 mAbs 
were just as efficient as MY7 in downregulating surface 
ADAM17 expression. The other AML cell lines HL-60 
(myeloblastic/M2), NB4 (promyelocytic/M3) and THP-
1 (monoblastic/M5) coexpressed surface CD13 and 
ADAM17, whose levels fell on MY7-treated cells but 
did not change on untreated or IgG1-treated cells (Figure 
5C). We therefore decided to investigate the molecular 
mechanisms underlying the downregulation of ADAM17 
by anti-CD13 treatment in U937 cells.

Figure 2; Levels of surface CD13 and ADAM17 
expression in primary AML cells. (A) Representative 
histograms of M0-, M1-, M2-, M4- and M5-subtype primary 
AML cells stained with anti-CD13-PE and anti-ADAM17-PE 
and then examined by flow cytometry analysis. Staining of 
cells with their isotype IgG1-PE served as the negative control 
(broken line).  (B) Results of the percentage of surface CD13 
and ADAM17 expression on AML blast samples (1 M0, 18 M1, 
12 M2, 12 M4, 9 M5). Values are expressed as means ± SEM. 

Figure 3: Expression of  proMMP-2 and proMMP-9 
in AML cells. (A) The gelatinolytic activities of MMP-
2 and MMP-9 were analyzed using zymography, in the 48 
h-conditioned media (supernatant) and/or in whole cell lysates 
from 7 patients with AML. Control (C) FCS-supplemented 
culture medium alone incubated under the same conditions. 
(B) Total MMP-2 (first column) and total MMP-9 (second 
column) productions in the 48 h-culture supernatants from 29 
AML samples were determined by ELISA. Mean concentrations 
are indicated by a horizontal line. Control included FCS-
supplemented culture medium alone incubated under the same 
conditions. (C) AML cells were cultured for 48 h in the presence 
of absence of IgG1 or MY7 (10 µg/ml). Total MMP-2 and MMP-
9 production measured by ELISA. Data represent the mean of 
six AML samples. Values are expressed as means ± SEM. 



Oncotarget8214www.impactjournals.com/oncotarget

MY7-mediated CD13 and ADAM17 
internalization in U937 cells - CD13/ADAM17 
association

Soluble forms of ADAM17 are found in biological 
fluids [5]. We used ELISAs to establish whether down-
regulation of ADAM17 by anti-CD13 treatment was 
accompanied by release of soluble ADAM17 into the 
medium by MY7-treated cells (AML cell lines and primary 
cells). However, no soluble ADAM17 was detected (data 
not shown). Next, U937 cells were pulsed with anti-CD13 
MY7-PE or anti-ADAM17-PE at 4°C, then cultured for 
short periods of time (2, 4, 6 h) before to be analyzed for 
total CD13 and ADAM17 expression. In separate samples, 
cells were cultured with MY7 (or its isotype IgG1) for 
the same time periods, then stained with anti-CD13 MY7-
PE or anti-ADAM17-PE and analyzed for surface CD13 
and ADAM17 expression. A flow cytometry analysis 
showed that the amount of total CD13 and ADAM17 did 
not change significantly over time, whereas the levels of 
surface CD13 and ADAM17 fell significantly (Figure 
6A). These data strongly suggest that CD13 ligation led to 
the internalization of CD13 and ADAM17. In an attempt 
to characterize the mechanism of ADAM17 and CD13 
endocytosis in MY7-treated cells, we measured the effects 
of pitstop 2 (a potent inhibitor of both clathrin-dependent 
and independent-endocytosis [34]) on MY7-mediated 
ADAM17 downregulation in U937 cells. Surprisingly, 

10 µM pitstop 2 was associated with accentuated MY7-
mediated ADAM17 downregulation, rather than inhibition 
(data not shown). We further investigated the relationship 
between CD13 and ADAM17. Co-immunoprecipitation 
experiments on U937 cells were performed in order to 
screen for CD13/ADAM17 interactions. Whole cell 
lysates were subjected to co-immunoprecipitation with 
anti-CD13 MY7, anti-ADAM17 or the corresponding 
mIgG1 isotype. A 135 kDa protein (corresponding to the 
molecular mass of ADAM17) was co-immunoprecipitated 
with CD13 (Figure 6B lane 3). Conversely, a 105 kDa 
protein (corresponding to the molecular mass of CD13) 
co-immunoprecipitated with ADAM17 (Figure 6B lane 
4). No protein was detected when immunoprecipitation 
was carried with the isotype (Figure 6B lane 2). Taken 
as a whole, these data indicate that the MY7-mediated 

Figure 4: Effect of the anti-CD13 MY7 on surface 
CD13 and ADAM17 expression in primary AML cells. 
Cells were cultured for 24 h in the presence of absence of mIgG1 
or MY7 (10 µg/ml). (A) Cells were stained with anti-CD13-PE, 
anti-ADAM17-PE, anti-CD33-FITC or their isotypes (-PE, 
-FITC) and then examined by flow cytometry. (B) Results of 
the percentage of CD13- and ADAM17-positive AML cells and 
of MFI. Values are expressed as means ± SEM (n = 15, all FAB 
subtypes considered). *P <0,0001 vs IgG1-treated cells.

Figure 5: MY7-mediated downregulation of CD13 
and ADAM17 in AML cell lines. (A) U937 cells were 
cultured for 48 h in the presence of absence of mIgG1 or MY7 
(10 µg/ml). Cells were stained with mIgG1-PC5/mIgG1-PE or 
anti-CD13-PC5/anti-ADAM17-PE and then examined by flow 
cytometry. Quadrants delineated by squares indicate negative 
and positive populations of cells as determined using negative 
control (mIgG1-PC5/mIgG1-PE). (B) Cells were cultured in 
the presence of absence of mIgG1 or MY7 (10 µg/ml) for 5, 
18, 48 and 72 h. Time-response histograms showing specific 
fluorescence intensities of CD13 and ADAM17 of MY7-treated 
cells as determined by flow cytometry. (C) AML cell lines HL-
60, NB4 and THP-1 were treated with mIgG1 or MY7 (10 µg/
ml) for 18 h. Cells were stained with anti-CD13 MY7-PE, anti-
ADAM17-PE or mIgG1-PE (negative control) and analyzed 
for surface CD13 and ADAM17 expression. Representative 
experiments are shown.  
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downregulation of surface CD13 and ADAM17 resulted 
in the intracellular accumulation of these proteins. The 
immunoprecipitation data suggest that ADAM17 interacts 
directly with CD13.

A lack of CD13 prevents MY7-mediated ADAM17 
downregulation 

Anti-CD13 small interfering RNA (siRNA) 
experiments were carried out in order to confirm CD13’s 
contribution to the MY7-mediated downregulation of 
ADAM17. Hence, CD13 duplex siRNA (ds) and negative 
control siRNA (ncs) were tested for their ability to 

specifically suppress CD13 in U937 cells. Preliminary 
experiments showed that 100 nM ds was the most 
effective concentration for inhibiting surface expression 
of CD13 (data not shown). In an RT-PCR analysis, time-
dependent downregulation of CD13 transcription was 
observed in ds-treated U937 cells (Figure 7A). In contrast, 
ncs had no effect on CD13 transcript expression levels, 
which were the same as in untreated cells (Figure 7A). 
Flow cytometry analysis indicated that the levels of 
surface CD13 were significantly lower after 48 hours post-
transfection in ds-treated cells (Figure 7B panel b) than 
in untreated cells and ncs-treated cells (Figure 7B panels 
a and c). Downregulation of surface CD13 expression 
was associated with loss of CD13 enzymatic activity in 

Figure 6: MY7-mediated internalization of CD13 and 
ADAM17; CD13/ADAM17 association. (A) U937 cells 
were pulsed with anti-CD13 MY7-PE, anti-ADAM17-PE or 
mIgG1-PE (negative control) at 4°C, then cultured for 2, 4 and 6 
h before analysis for total fluorescence. In separate samples, cells 
were cultured with MY7 (or its isotype IgG1) for the same times 
periods, then stained with anti-CD13 MY7-PE, anti-ADAM17-
PE or mIgG1-PE (negative control) and analyzed for surface 
CD13 and ADAM17 expression. Results are expressed as the 
percentage of the mean fluorescence intensity in MY-7 treated 
cells vs IgG1-treated cells. (B) U937 cells were lysed, and the 
lysates were immunoprecipitated with either mIgG1 (lane 2), 
anti-CD13 (MY7) (lane 3) or anti-ADAM17 (R&D1362) (lane 
4). Immunoprecipitates (IP) were washed and separated by 
SDS/PAGE under reducing conditions and immunoblotted with 
anti-CD13 (SJ1D1) or anti-ADAM17 (Cell Signalling 3976) 
to evaluate CD13/ADAM17 interaction. The whole cell lysate 
served as control.

Figure 7: Impact of CD13 inhibition by siRNA on 
MY7-mediated ADAM17 downregulation in U937 
cells. (A) U937 cells were cultured for 24, 48 or 72 h, before 
or after transfection with 100 nM CD13 specific siRNA  (ds-
cells) or negative control siRNA (ncs-cells). Then, the cDNAs 
were used as templates for PCR reactions using specific primers 
for CD13, ADAM-17 or β2-microglobulin. (B) Surface CD13 
and ADAM17 levels in ncs-cells and ds-cells after 48 h siRNA 
transfection were measured by cytometry with anti-CD13-PE 
or anti-ADAM17-PE or their isotype mIgG1-PE. (C) After 48 
h transfection, ds-cells and ncs-cells were cultured for 24 h in 
the presence of absence of mIgG1 or MY7 (10 µg/ml). Surface 
ADAM17 levels were measured by cytometry with anti-
ADAM17-PE or its isotype mIgG1-PE.
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ds-U937 cells, relative to untreated cells and ncs-treated 
cells (data not shown). In contrast, levels of ADAM17 
mRNA and protein were not affected, which demonstrated 
the specificity of the anti-CD13 siRNA (Figure 7A & B 
panels d, e and f). After 48 h of treatment with ds or ncs, 
cells were incubated with MY7 (10 µg/ml) for 24 hours 
at 37°C. As seen in Figure 7C, incubation with MY7 
decreased surface ADAM17 levels on ncs-treated cells 
(panel b compared to panel a) but not on ds-treated cells 
(panel d compared to panel c); this finding indicates that 
the MY7-mediated downregulation of ADAM17 was 
disrupted by CD13 silencing. In addition, untreated U937 
cells released low levels of proMMP-9, which were not 
affected in ncs- and ds-treated cells by up to 72 hours of 
MY7 treatment (data not shown). Taken as a whole, these 
data indicate that CD13 is required for MY7-mediated 
ADAM17 downregulation.

DISCUSSION

Our present study has provided first evidence that 
AML cells synthesize ADAM17 and express it at their 
surface. Another major finding of our study is the striking 
downregulation of ADAM17 following CD13 ligation 
by anti-CD13 mAbs. Our results strongly suggest that 
CD13 binds to ADAM17 and thus provide evidence of 
a regulatory role for CD13 engagement in ADAM17 
downregulation in AML cells.

AML blast cells from blood (and from bone 
marrow; data not shown) express detectable levels of 
ADAM17 mRNA and surface protein. Levels of ADAM17 
appeared to depend on the differentiation stage, since 
they were higher in M4 and M5 cells (myelomonocytic 
and monocytic cells, respectively) than in the early and 
granulocytic M0/M1/M2 cells. In contrast, proMMP-2/-9 
patterns were not subtype-restricted. Our data agree with 
studies in which proMMP-2/-9 levels and FAB subtypes 
were not correlated [20, 35]. It remains to be seen whether 
ADAM17 levels are predictive of chemoresistance or 
responsiveness to treatment in AML. 

Like primary AML cells, the representative AML 
cell lines HL-60 (M2), NB4 (M3), THP-1 and U937 
(M5) coexpressed surface CD13 and ADAM17. Surface 
CD13 targeting by specific anti-CD13 mAbs (MY7, 
SJ1D1 and WM15) induces AML cell death in primary 
and cell lines [28] (data not shown). We further examined 
the effects of these anti-CD13 mAbs on the levels of 
proMMP-2/-9 and ADAM17 expressed by AML cells. 
None of the three anti-CD13 (when used at a dose of 10 
µg/ml in vitro) had a significant effect on the release of 
proMMP-2 and proMMP-9 by AML cells. In contrast, 
ADAM17 downregulation was induced by all three 
CD13 mAbs (again at 10 µg/ml) after as few as 2 h and 
persisted until 72 h. Non-stimulated or MY7-stimulated 
AML cells did not produce detectable amounts of soluble 
ADAM17, suggesting that ADAM17 downregulation 

was not a consequence of ADAM17 shedding. Hence, 
it is likely that MY7-induced downregulation of surface 
ADAM17 occurs via internalization. Our previous work 
showed that type II interferon (IFN)-γ downregulated 
and internalized surface ADAM17 in myeloid cells [29]. 
Myeloid cells are known to produce type I IFNs, whereas 
IFN-γ expression is restricted to lymphoid cells [36]. 
However, a recent study of bacterial pneumonia showed 
that human neutrophils are able to produce IFN-γ [37]; it 
is therefore possible that other myeloid cells can produce 
IFN-γ when stimulated appropriately. It remains to be seen 
whether MY7 might induce an autocrine loop with IFN-γ 
in U937 cells. However, soluble IFN-γ was not detected 
in the conditioned media of MY7-treated U937 and AML 
blasts or in plasma from AML patients (data not shown). 
This rules out the involvement of endogenous IFN-γ in 
MY7’s inhibition of ADAM17 expression.

Furthermore, we showed that the siRNA silencing 
of CD13 consistently prevented the MY7-mediated 
downregulation of ADAM17 in U937 cells, thus indicating 
that CD13 is required for MY7-mediated ADAM17 
downregulation. In general, the modulation of antigen 
levels by a cognate mAb leads to cell internalization 
of antigen-antibody complexes [38]. Given that anti-
CD13 treatment induced the internalization of both 
CD13 and ADAM17, CD13/ADAM17 complexes 
may have formed. Accordingly, the results of our co-
immunoprecipitation experiments strongly suggest 
that CD13 binds to ADAM17. We further explored the 
endocytic pathways by which CD13 and ADAM17 are 
internalized. Conventionally, endocytic mechanisms 
are primarily classified as being clathrin-dependent or 
-independent [39]. Recent research has revealed that 
clathrin-independent processes are quite diverse [39]. 
For example, the endocytosis of membrane proteins is 
caveola-dependent manner [39]. The cytoplasmic domain 
of human ADAM17 contains a potential motif (YESL) for 
clathrin-mediated endocytosis [40]. Studies of monocytes 
and epithelial and endothelial cells indicate that CD13 and 
ADAM17 are internalized via clathrin- and/or caveola-
dependent pathways [41-44]. Surprisingly, pitstop 2 
(inhibitor of both clathrin-dependent and independent-
endocytosis) did not block MY7-mediated ADAM17 
downregulation. This observation strongly suggests that 
CD13 and ADAM17 are not internalized via the classical 
clathrin-dependent pathway. It is not yet known whether 
pitstop 2 inhibits caveola-mediated endocytosis. Other 
mechanisms of clathrin-independent endocytosis have 
been observed for the internalization of glycolipid-
binding toxins (such as shiga and cholera toxins), 
glycosylphosphatidylinositol (GPI)-anchored proteins, 
the epidermal growth factor receptor (under certain 
conditions) and a number of plasma membrane proteins 
[39]. Although pitstop 2 does not inhibit the endocytosis of 
shiga toxin [34], it is not yet known whether it can block 
the other above-mentioned internalization processes.
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The reversion-inducing-cysteine-rich protein 
with Kazal motifs (RECK) is a unique, membrane-
anchored glycoprotein that strongly inhibits a number 
of MMPs [45]. Both RECK and its target molecules are 
internalized via the GPI-anchored proteins enriched early 
endosomal compartments-mediated endocytic pathway, 
which represents a clathrin- and dynamin-independent 
internalization route [39]. ADAM17 and CD13 were 
recently described as intrinsic targets of RECK. In 
HT1080 epithelial cells, CD13 and membrane type 
1-MMP are internalized with markers of both clathrin- 
and caveola-dependent endocytosis [43]. However, in 
the presence of RECK, both proteases are internalized 
preferentially via endocytosis that is neither clathrin- nor 
caveola-dependent  [43]. Moreover, in gastric cancer 
cells, ADAM10 and ADAM17 are pulled down together 
by RECK - suggesting a physical interaction between 
RECK and ADAMs at the cell surface [46]. In the myeloid 
compartment, RECK is expressed by human monocytes 
and peritoneal macrophages [47, 48]. In view of these 
observations, one can legitimately hypothesize that RECK 
modulates the internalization of CD13 and ADAM17 in 
AML cells. However, RECK has been shown to inhibit 
post-transcriptional MMP-2/-9 expression and proMMP-9 
secretion [45, 49]. Here, we found that MY7 treatment did 
not affect proMMP-9 release by AML blasts and U937 
cells. This observation strongly suggests that ADAM17 
and CD13 are not internalized via the endocytic route 
used by RECK. Nevertheless, the exact mechanisms of 
ADAM17 and CD13 endocytosis in AML cells requires 
further investigation.

Endocytic pathways require specific lipid-containing 
structures [39]. The plasma membrane contains lipid rafts, 
which are small lipid microdomains enriched in cholesterol 
and glycosphingolipids [50]. Lipid rafts also contain 
various receptors, membrane transporters and signal-
transducing kinases with functions in protein transport, 
cell polarization and signal transduction [50]. In T cells, 
for example, the membrane-anchored protease CD26 
(dipeptidyl peptidase IV) is present in lipid rafts; anti-
CD26 mAb leads to CD26 internalization and increases 
its recruitment with CD45 (a tyrosine phosphatase) to 
rafts, resulting in enhanced tyrosine phosphorylation of 
signalling molecules [51]. In various cell types including 
peripheral blood mononuclear cells, ADAM17 localizes to 
lipid rafts [52-56]. CD13 is also associated with lipid rafts 
in monocytes [57, 58]. It is therefore legitimate to suggest 
that both CD13 and ADAM17 are present in membrane 
rafts in AML cells. We have previously demonstrated that 
the PI3K/AKT and caspase-dependent signalling pathways 
are involved in MY7-mediated U937 cell apoptosis [28]. It 
is not known whether (i) ADAM17 and CD13 cooperate in 
inducing apoptosis in AML cells or (ii) ADAM17 directly 
contributes to the activation of signalling transduction 
pathways induced by MY7 treatment. Our preliminary 
data however indicate that anti-CD13-mediated apoptosis 

is observed in ADAM17null/low CD13+ AML cells in 7/9 
cases suggesting that MY7-mediated downregulation of 
ADAM17 is not a critical enabling event for anti-CD13 
mediated apoptosis in AML cells. 

Growth factors and cytokines produced by 
inflammatory cells contribute to tumor growth and 
angiogenesis [59]. Adhesion molecules (including 
integrins, immunoglobulin-like CAMs, selectins and 
CD44) and chemokines modulate migration and invasion 
of normal and tumoral cells [60]. ADAM17 is involved 
in the cleavage of numerous surface molecules [59, 61], 
most of which are considered to be relevant in tumour-
associated processes such as cell growth, migration and 
invasion (TNF-α, CD44, L1-CAM, L-selectin, ICAM1, 
CX3CL1, etc..) ADAM17’s functions in AML cells have 
yet to be characterized. AML cells are characterized 
by increased proliferation and survival, medullary and 
extramedullary invasion [1, 2]. Inhibition of ADAM17 
blocks leukocyte migration through inflamed endothelium 
[61]. Accordingly, we speculate that ADAM17 contributes 
to AML progression by affecting surface molecules 
involved in leukocyte proliferation, recruitment and 
migration. Therefore, targeting ADAM17 by anti-CD13 
may block the AML tumoral process. Finally, CD16 
(FcγRIII) expressed by natural killer (NK) cells and 
involved in Ab-dependent cell cytotoxicity, is cleaved by 
ADAM17 [62, 63]. A humanized bispecific Ab containing 
binding sites for NK CD16 and AML CD33 triggers NK 
cell activation, thereby inducing NK cytotoxicity against 
AML cells [64]. ADAM17 inhibition prevents CD16 
shedding and enhances NK cell activation and specificity 
against AML cells [64]. In the latter study, the existence 
of ADAM17 in AML cells was ignored. It is therefore 
legitimate to also suggest a role for AML ADAM17 in 
CD16 shedding. Thus, CD13 ligation by downregulating 
ADAM17 could have therapeutic potential in treating 
AML.

In conclusion, we consider that our observations 
are likely to contribute to a better understanding of the 
expression and regulation of ADAM17 in AML. Although 
CD13 and ADAM17 expression levels vary from one 
AML subtype to another, this does not preclude the 
possibility that these two metalloproteases may cooperate 
under certain conditions. Given that CD13 and ADAM17 
are expressed in various human cancers, it may be of great 
value to establish the biological significance of CD13-
ADAM17 association in this context. 

METHODS

Chemicals and reagents

Anti-CD13 (MY7, mIgG1), anti-CD13 (SJ1D1, 
mIgG1), phycoerythrin (PE)-conjugated anti-CD13 
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(SJ1D1, mIgG1), PE-cyanin 5 (PC5)-conjugated anti-
CD13 (mIgG1, Immu103.44), PE-mIgG1 and fluorescein 
isothiocyanate (FITC)-anti-CD33 (mIgG1, D3HL60.251), 
FITC-mIgG1, PC5-mIgG1 and mIgG1 were obtained 
from Beckman-Coulter (Luminy, France). Anti-CD13 
WM15 (mIgG1) was from BD-Pharmingen (San Jose, 
CA, USA). PE-anti-ADAM17 (mIgG1, 111633, targeting 
the ectodomain) and anti-ADAM17 (mIgG1, 136121, 
targeting the cytodomain) were obtained from R&D 
Systems Europe (Abingdon, UK). Anti-ADAM17 (rabbit 
Ig, 3976) was from Cell Signaling Technology Inc. 
(New England Biolabs, Hitchin, UK). Anti-actin (C4, 
mIgG1) was from ICN Biomedicals (Aurora, OH, USA). 
Secondary antibodies were horseradish peroxidase-
conjugated antibodies from Dako Cytomation (Glostrup, 
Denmark). Ala-para-nitroanilide was obtained from Sigma 
(Saint Louis, MO, USA). Abz-LAQAVRSSSR-Dpa was 
obtained from Calbiochem (Darmstadt, Germany). CD13 
small interfering RNA duplex was from Santa-Cruz (Tebu-
Bio, SA, France). Negative control siRNA was from 
Ambion (Austin, TX, USA). 

Patient samples

Leukemic blood samples from 52 treatment-naive 
AML patients (age range 18-80) were obtained from 
the “Tumorothèque Hématologie” biological resource 
centre at Saint-Antoine Hospital (Paris, France) after 
the provision of written, informed consent (European 
Organisation for Research and Treatment of Cancer 
formulary study #06012). The diagnosis of AML was 
established in accordance with standard clinical criteria 
and the FAB Committee’s cytological criteria (≥ 80% 
peripheral blood AML blasts CD33+ CD13+) (M0: 
undifferentiated blast; M1: undifferentiated myeloblast; 
M2: myeloblast; M4: myelomonocyte; M5: monoblast). 
The study was conducted and monitored in compliance 
with the Declaration of Helsinki 2002. Ethics approval 
was given by the independent ethics committees at Saint-
Antoine Hospital (Paris, France) and the French National 
Institute of Cancer (“Tumorothèque Hématologie” 
Paris-Saint-Antoine Hospital COHO0203 INCA 2007). 
Peripheral blood mononuclear cells (PBMCs) were 
separated by Ficoll-Hypaque density gradient (1.077 g/ml) 
centrifugation. Cells (106/ml) were cultured in RPMI 1640 
medium supplemented with 10% heat-inactivated foetal 
calf serum (FCS) (Gibco; lipopolysaccharide levels < 0.1 
ng/ml), 2 mM L-glutamine, 1 mM sodium pyruvate and 
40 µg/ml gentamycin (Gibco) in a 5% CO2 humidified 
atmosphere at 37°C. 

Cell lines

The mycoplasma-free AML U937 (ATCC CRL-
1593.2; French-American-British/FAB phenotype M5, 

monoblast), NB4 (M3, promyelocyte) [65], HL-60 
(ATCC 240-CCL; M2, myeloblast) and THP-1 (ATCC 
TIB-202; M5, monoblast) cells were cultured in complete 
RPMI 1640 medium supplemented with 5% FCS in a 
5% CO2 humidified atmosphere at 37°C [66]. For every 
experiment, cells were harvested in log-phase proliferation 
at passage 16 or less. Cells (2 x 105/ml) were treated with 
IgG1 or anti-CD13 mAbs (10 µg/ml) for various periods 
of time.  Cell proliferation was evaluated by counting 
the number of viable cells (with diameters ranging from 
9 to 14 m) in a Coulter Multisizer (Beckman-Coulter, 
Villepinte, France). 

Flow cytometry

Intact cells were directly immunostained with 
specific mAbs as described in [67]. Stained cells (30,000) 
were analyzed using a flow cytometer (Beckman-Coulter).
Values are quoted as the percentage of positive cells and 
the mean of fluorescence intensity (MFI) corresponds to 
antigen relative density per cell (obtained by subtracting 
the peak channel number of the negative control from the 
peak channel number of the corresponding experimental 
sample).

CD13 siRNA transfection

 U937 cells (1x106) in 100 µl of solution kit V were 
transfected with CD13 ds siRNA or negative control 
ncs siRNA (10-100 nM) using an Amaxa nucleofector, 
according to the manufacturer’s protocol (program U13). 
Cells were then plated in 6-well plates for 24, 48 or 72 
h. Cells were harvested, counted, analyzed for CD13 and 
ADAM17 transcript and protein expression, and CD13 
enzymatic activity as described below.

RNA isolation, cDNA synthesis and  PCR

RNA extraction from treated cells and cDNA 
synthesis were conducted as described [67]. The 
cDNAs for human A, MMP-2, MMP-9, TACE and β2-
microglobulin were amplified by PCR, and the primers 
were synthesised by Sigma-Proligo (Sigma-Proligo 
France) according to published sequences [68-72]. The 
PCR products were visualized by electrophoresis in 1.8% 
agarose gel containing 0.2 µg/ml ethidium bromide. The 
bands were acquired in an Appligen densitometer (Oncor). 

Immunoprecipitation experiments and Western 
blotting 

For coimmunoprecipitation experiments as 
previously described  [73], cells were lyzed in 1% 
CHAPS, 20 mM Tris-HCl pH 8.0, 150 mM NaCl and 
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a cocktail of protease inhibitors. Cell lysates were pre-
cleared for 30 min at 4°C with Protein G-agarose beads 
(Santa Cruz Biotechnology) equilibrated with lysis 
buffer in the presence of isotype antibody mIgG1. After 
incubation of pre-cleared lysates 6 h at 4°C with the 
relevant antibodies (anti-CD13 MY7 or anti-ADAM17/
R&D 136121), protein A/G-agarose was added and gently 
rocked overnight at 4°C. Immunoprecipitates (IP) were 
washed with 150 mM NaCl, 10 mM Tris-HCl pH7.4, and 
mixed with the electrophoresis sample buffer containing 
200 µM β-mercaptoethanol (3 min at 95°C). Total cell 
extracts  and IP were separated on 7.5 % SDS-PAGE, 
transferred to nitrocellulose and blotted as described 
previously [73] Immunoblotting was performed with 
primary antibodies anti-CD13 (SJ1D1) or anti-ADAM17 
(R&D 3976) and samples were then incubated with HRP-
coupled secondary antibodies. Blots were visualized with 
an enhanced chemiluminescence kit (GE Healthcare 
Europe, Saclay, France). 

Measurement of MMP-2/-9 gelatinolytic activity 
by  zymography

Analysis of proMMP-2 and proMMP-9 activities 
was carried out in 7.5% (w/v) SDS-polyacrylamide 
gels containing 0.1% gelatin (w/v) as described in 
[71]. Gelatinolytic activities of MMPs were detected 
as transparent bands on the background of Eza-blue 
stained gelatin. The bands were acquired in an Appligen 
densitometer (Oncor).

ELISA analysis

The culture supernatants from primary AML cells 
or U937 cells and plasma from patients with AML were 
harvested under sterile conditions and frozen before 
MMP-2, MMP-9, ADAM17 and IFN-γ contents were 
determined using commercial ELISA kits provided 
by R&D (Abingdon, UK). Controls included FCS-
supplemented RPMI 1640 medium alone incubated 
under the same conditions. Detection level for MMP-2 
and MMP-9 was 1 ng/ml, for ADAM17 10 pg/ml and for 
IFN-γ 8 pg/ml. 

Statistics

Data are presented as means ± SD from n 
independent experiments. A two-tailed, paired Student’s 
t-test was used to compare test and control groups. The 
threshold for statistical significance was set to P < 0.001. 

ACKNOWLEDGEMENTS

This work was funded by grants from the the 

Institut National de la Santé et de la Recherche Médicale, 
the Ligue contre le Cancer (Comité de Paris) and Gefluc 
(Paris-Ile de France). The authors are very grateful to Dr 
Michel Lanotte for supplying NB4 cell line (INSERM 
U685, Hôpital Saint-Louis, Paris, France). 

REFERENCES

1. Meenaghan T, Dowling M and Kelly M. Acute leukaemia: 
making sense of a complex blood cancer. British journal of 
nursing. 2012; 21(2):76, 78-83.

2. Swords R, Freeman C and Giles F. Targeting the FMS-like 
tyrosine kinase 3 in acute myeloid leukemia. Leukemia. 
2012; 26(10):2176-2185.

3. Briest F, Berndt A, Clement J, Junker K, Eggeling F, 
Grimm S and Friedrich K. Tumor-stroma interactions in 
tumorigenesis: lessons from stem cell biology. Frontiers in 
bioscience. 2012; 4:1871-1887.

4. Spano D and Zollo M. Tumor microenvironment: a main 
actor in the metastasis process. Clin Exp Metastasis. 2012; 
29(4):381-395.

5. Bauvois B. Transmembrane proteases in cell growth and 
invasion: new contributors to angiogenesis? Oncogene. 
2004; 23(2):317-329.

6. Murphy G. The ADAMs: signalling scissors in the tumour 
microenvironment. Nat Rev Cancer. 2008; 8(12):929-941.

7. Rucci N, Sanita P and Angelucci A. Roles of 
metalloproteases in metastatic niche. Curr Mol Med. 2011; 
11(8):609-622.

8. Shuman Moss LA, Jensen-Taubman S and Stetler-
Stevenson WG. Matrix metalloproteinases: changing roles 
in tumor progression and metastasis. The American journal 
of pathology. 2012; 181(6):1895-1899.

9. Mochizuki S and Okada Y. ADAMs in cancer cell 
proliferation and progression. Cancer Sci. 2007; 98(5):621-
628.

10. Arribas J and Esselens C. ADAM17 as a therapeutic target 
in multiple diseases. Curr Pharm Des. 2009; 15(20):2319-
2335.

11. Klein T and Bischoff R. Physiology and pathophysiology 
of matrix metalloproteases. Amino Acids. 2011; 41(2):271-
290.

12. Kessenbrock K, Plaks V and Werb Z. Matrix 
metalloproteinases: regulators of the tumor 
microenvironment. Cell. 2010; 141(1):52-67.

13. Bauvois B. New facets of matrix metalloproteinases 
MMP-2 and MMP-9 as cell surface transducers: outside-in 
signaling and relationship to tumor progression. Biochim 
Biophys Acta-Reviews on Cancer. 2012; 1825(1):29-36.

14. Bauvois B and Dauzonne D. Aminopeptidase-N/CD13 (EC 
3.4.11.2) inhibitors: chemistry, biological evaluations, and 
therapeutic prospects. Med Res Rev. 2006; 26(1):88-130.

15. Mina-Osorio P. The moonlighting enzyme CD13: old and 
new functions to target. Trends Mol Med. 2008; 14(8):361-



Oncotarget8220www.impactjournals.com/oncotarget

371.
16. Antczak C, De Meester I and Bauvois B. Transmembrane 

proteases as disease markers and targets for therapy. J Biol 
Regul Homeost Agents. 2001; 15(2):130-139.

17. Roy R, Yang J and Moses MA. Matrix metalloproteinases 
as novel biomarkers and potential therapeutic targets in 
human cancer. J Clin Oncol. 2009; 27(31):5287-5297.

18. Wickstrom M, Larsson R, Nygren P and Gullbo J. 
Aminopeptidase N (CD13) as a target for cancer 
chemotherapy. Cancer Sci. 2011; 102(3):501-508.

19. Chaudhary AK, Pandya S, Ghosh K and Nadkarni A. 
Matrix metalloproteinase and its drug targets therapy in 
solid and hematological malignancies: An overview. Mutat 
Res. 2013; 753(1):7-23.

20. Janowska-Wieczorek A, Marquez LA, Matsuzaki A, 
Hashmi HR, Larratt LM, Boshkov LM, Turner AR, Zhang 
MC, Edwards DR and Kossakowska AE. Expression of 
matrix metalloproteinases (MMP-2 and -9) and tissue 
inhibitors of metalloproteinases (TIMP-1 and -2) in acute 
myelogenous leukaemia blasts: comparison with normal 
bone marrow cells. Br J Haematol. 1999; 105(2):402-411.

21. Klein G, Vellenga E, Fraaije MW, Kamps WA and de Bont 
ES. The possible role of matrix metalloproteinase (MMP)-2 
and MMP-9 in cancer, e.g. acute leukemia. Crit Rev Oncol 
Hematol. 2004; 50(2):87-100.

22. Ries C, Loher F, Zang C, Ismair MG and Petrides PE. Matrix 
metalloproteinase production by bone marrow mononuclear 
cells from normal individuals and patients with acute and 
chronic myeloid leukemia or myelodysplastic syndromes. 
Clin Cancer Res. 1999; 5(5):1115-1124.

23. Reikvam H, Hatfield KJ, Oyan AM, Kalland KH, Kittang 
AO and Bruserud O. Primary human acute myelogenous 
leukemia cells release matrix metalloproteases and their 
inhibitors: release profile and pharmacological modulation. 
Eur J Haematol. 2009; 84(3):239-251.

24. Billard C, Merhi F and Bauvois B. Mechanistic insights into 
the antileukemic activity of hyperforin. Curr Cancer Drug 
Targets. 2013; 13(1):1-10.

25. Stefanidakis M, Karjalainen K, Jaalouk DE, Gahmberg CG, 
O’Brien S, Pasqualini R, Arap W and Koivunen E. Role 
of leukemia cell invadosome in extramedullary infiltration. 
Blood. 2009; 114(14):3008-3017.

26. Lin LI, Lin DT, Chang CJ, Lee CY, Tang JL and Tien HF. 
Marrow matrix metalloproteinases (MMPs) and tissue 
inhibitors of MMP in acute leukaemia: potential role 
of MMP-9 as a surrogate marker to monitor leukaemic 
status in patients with acute myelogenous leukaemia. Br J 
Haematol. 2002; 117(4):835-841.

27. Taussig DC, Pearce DJ, Simpson C, Rohatiner AZ, Lister 
TA, Kelly G, Luongo JL, Danet-Desnoyers GA and Bonnet 
D. Hematopoietic stem cells express multiple myeloid 
markers: implications for the origin and targeted therapy of 
acute myeloid leukemia. Blood. 2005; 106(13):4086-4092.

28. Piedfer M, Dauzonne D, Tang R, N’Guyen J, Billard C 

and Bauvois B. Aminopeptidase-N/CD13 is a potential 
proapoptotic target in human myeloid tumor cells. Faseb J. 
2011; 25(8):2831-2842.

29. Obeid D, Nguyen J, Lesavre P and Bauvois B. Differential 
regulation of tumor necrosis factor-alpha-converting 
enzyme and angiotensin-converting enzyme by type I and 
II interferons in human normal and leukemic myeloid cells. 
Oncogene. 2007; 26(1):102-110.

30. Kagawa K, Nakano A, Miki H, Oda A, Amou H, Takeuchi 
K, Nakamura S, Harada T, Fujii S, Yata K et al. Inhibition 
of TACE activity enhances the susceptibility of myeloma 
cells to TRAIL. PloS one. 2012; 7(2):e31594.

31. Griffin JD, Ritz J, Nadler LM and Schlossman SF. 
Expression of myeloid differentiation antigens on normal 
and malignant myeloid cells. J Clin Invest. 1981; 68(4):932-
941.

32. Favaloro EJ. CD-13 (‘gp150’; aminopeptidase-N): co-
expression on endothelial and haemopoietic cells with 
conservation of functional activity. Immunol Cell Biol. 
1991; 69 ( Pt 4):253-260.

33. Favaloro EJ, Bradstock KF, Kabral A, Grimsley P, Zowtyj 
H and Zola H. Further characterization of human myeloid 
antigens (gp160,95; gp150; gp67): investigation of epitopic 
heterogeneity and non-haemopoietic distribution using 
panels of monoclonal antibodies belonging to CD-11b, CD-
13 and CD-33. Br J Haematol. 1988; 69(2):163-171.

34. Dutta D, Williamson CD, Cole NB and Donaldson JG. 
Pitstop 2 is a potent inhibitor of clathrin-independent 
endocytosis. PloS one. 2012; 7(9):e45799.

35. Aref S, Osman E, Mansy S, Omer N, Azmy E, Goda T and 
El-Sherbiny M. Prognostic relevance of circulating matrix 
metalloproteinase-2 in acute myeloid leukaemia patients. 
Hematological oncology. 2007; 25(3):121-126.

36. Rauch I, Muller M and Decker T. The regulation of 
inflammation by interferons and their STATs. Jak-Stat. 
2013; 2(1):e23820.

37. Yamada M, Gomez JC, Chugh PE, Lowell CA, Dinauer 
MC, Dittmer DP and Doerschuk CM. Interferon-gamma 
production by neutrophils during bacterial pneumonia in 
mice. Am J Respir Crit Care Med. 2011; 183(10):1391-
1401.

38. Audran R, Drenou B, Wittke F, Gaudin A, Lesimple T and 
Toujas L. Internalization of human macrophage surface 
antigens induced by monoclonal antibodies. J Immunol 
Methods. 1995; 188(1):147-154.

39. Kumari S, Mg S and Mayor S. Endocytosis unplugged: 
multiple ways to enter the cell. Cell research. 2010; 
20(3):256-275.

40. Marks MS, Woodruff L, Ohno H and Bonifacino JS. 
Protein targeting by tyrosine- and di-leucine-based signals: 
evidence for distinct saturable components. The Journal of 
cell biology. 1996; 135(2):341-354.

41. Doedens JR and Black RA. Stimulation-induced down-
regulation of tumor necrosis factor-alpha converting 



Oncotarget8221www.impactjournals.com/oncotarget

enzyme. J Biol Chem. 2000; 275(19):14598-14607.
42. Horiuchi K, Miyamoto T, Takaishi H, Hakozaki A, 

Kosaki N, Miyauchi Y, Furukawa M, Takito J, Kaneko H, 
Matsuzaki K et al. Cell surface colony-stimulating factor 
1 can be cleaved by TNF-alpha converting enzyme or 
endocytosed in a clathrin-dependent manner. J Immunol. 
2007; 179(10):6715-6724.

43. Miki T, Takegami Y, Okawa K, Muraguchi T, Noda M and 
Takahashi C. The reversion-inducing cysteine-rich protein 
with Kazal motifs (RECK) interacts with membrane type 1 
matrix metalloproteinase and CD13/aminopeptidase N and 
modulates their endocytic pathways. J Biol Chem. 2007; 
282(16):12341-12352.

44. D’Alessio A, Esposito B, Giampietri C, Ziparo E, Pober JS 
and Filippini A. Plasma membrane microdomains regulate 
TACE-dependent TNFR1 shedding in human endothelial 
cells. Journal of cellular and molecular medicine. 2012; 
16(3):627-636.

45. Clark JC, Thomas DM, Choong PF and Dass CR. RECK-
-a newly discovered inhibitor of metastasis with prognostic 
significance in multiple forms of cancer. Cancer Metastasis 
Rev. 2007; 26(3-4):675-683.

46. Hong KJ, Wu DC, Cheng KH, Chen LT and Hung 
WC. RECK Inhibits Stemness Gene Expression and 
Tumorigenicity of Gastric Cancer Cells by Suppressing 
ADAM-Mediated Notch1 Activation. J Cell Physiol. 2014; 
229(2):191-201.

47. van Lent PL, Span PN, Sloetjes AW, Radstake TR, van 
Lieshout AW, Heuvel JJ, Sweep CG and van den Berg WB. 
Expression and localisation of the new metalloproteinase 
inhibitor RECK (reversion inducing cysteine-rich protein 
with Kazal motifs) in inflamed synovial membranes of 
patients with rheumatoid arthritis. Ann Rheum Dis. 2005; 
64(3):368-374.

48. Wu MH, Shoji Y, Wu MC, Chuang PC, Lin CC, Huang MF 
and Tsai SJ. Suppression of matrix metalloproteinase-9 by 
prostaglandin E(2) in peritoneal macrophage is associated 
with severity of endometriosis. The American journal of 
pathology. 2005; 167(4):1061-1069.

49. Rhee JS and Coussens LM. RECKing MMP function: 
implications for cancer development. Trends in cell biology. 
2002; 12(5):209-211.

50. Helms JB and Zurzolo C. Lipids as targeting signals: lipid 
rafts and intracellular trafficking. Traffic. 2004; 5(4):247-
254.

51. Ishii T, Ohnuma K, Murakami A, Takasawa N, Kobayashi 
S, Dang NH, Schlossman SF and Morimoto C. CD26-
mediated signaling for T cell activation occurs in lipid rafts 
through its association with CD45RO. Proc Natl Acad Sci 
U S A. 2001; 98(21):12138-12143.

52. Tellier E, Canault M, Rebsomen L, Bonardo B, Juhan-
Vague I, Nalbone G and Peiretti F. The shedding activity of 
ADAM17 is sequestered in lipid rafts. Exp Cell Res. 2006; 
312(20):3969-3980.

53. Stan RV, Roberts WG, Predescu D, Ihida K, Saucan L, 
Ghitescu L and Palade GE. Immunoisolation and partial 
characterization of endothelial plasmalemmal vesicles 
(caveolae). Molecular biology of the cell. 1997; 8(4):595-
605.

54. von Tresckow B, Kallen KJ, von Strandmann EP, 
Borchmann P, Lange H, Engert A and Hansen HP. 
Depletion of cellular cholesterol and lipid rafts increases 
shedding of CD30. J Immunol. 2004; 172(7):4324-4331.

55. Thiel KW and Carpenter G. ErbB-4 and TNF-alpha 
converting enzyme localization to membrane microdomains. 
Biochem Biophys Res Commun. 2006; 350(3):629-633.

56. Lee JH, Wittki S, Brau T, Dreyer FS, Kratzel K, Dindorf 
J, Johnston IC, Gross S, Kremmer E, Zeidler R et al. HIV 
Nef, paxillin, and Pak1/2 regulate activation and secretion 
of TACE/ADAM10 proteases. Mol Cell. 2013; 49(4):668-
679.

57. Navarrete Santos A, Roentsch J, Danielsen EM, Langner 
J and Riemann D. Aminopeptidase N/CD13 is associated 
with raft membrane microdomains in monocytes. Biochem 
Biophys Res Commun. 2000; 269(1):143-148.

58. Orso E, Werner T, Wolf Z, Bandulik S, Kramer W and 
Schmitz G. Ezetimib influences the expression of raft-
associated antigens in human monocytes. Cytometry A. 
2006; 69(3):206-208.

59. Pruessmeyer J and Ludwig A. The good, the bad and 
the ugly substrates for ADAM10 and ADAM17 in brain 
pathology, inflammation and cancer. Semin Cell Dev Biol. 
2009; 20(2):164-174.

60. Reymond N, d’Agua BB and Ridley AJ. Crossing the 
endothelial barrier during metastasis. Nat Rev Cancer. 
2013; 13(12):858-870.

61. Dreymueller D, Pruessmeyer J, Groth E and Ludwig A. 
The role of ADAM-mediated shedding in vascular biology. 
European journal of cell biology. 2012; 91(6-7):472-485.

62. Romee R, Foley B, Lenvik T, Wang Y, Zhang B, Ankarlo 
D, Luo X, Cooley S, Verneris M, Walcheck B et al. NK 
cell CD16 surface expression and function is regulated by 
a disintegrin and metalloprotease-17 (ADAM17). Blood. 
2013; 121(18):3599-3608.

63. Lajoie L, Congy-Jolivet N, Bolzec A, Gouilleux-Gruart 
V, Sicard E, Sung HC, Peiretti F, Moreau T, Vie H, 
Clemenceau B et al. ADAM17-Mediated Shedding of 
FcgammaRIIIA on Human NK Cells: Identification of the 
Cleavage Site and Relationship with Activation. J Immunol. 
2014; 192(2):741-751.

64. Wiernik A, Foley B, Zhang B, Verneris MR, Warlick E, 
Gleason MK, Ross JA, Luo X, Weisdorf DJ, Walcheck B et 
al. Targeting natural killer cells to acute myeloid leukemia 
in vitro with a CD16 x 33 bispecific killer cell engager and 
ADAM17 inhibition. Clin Cancer Res. 2013; 19(14):3844-
3855.

65. Lanotte M, Martin-Thouvenin V, Najman S, Balerini P, 
Valensi F and Berger R. NB4, a maturation inducible cell 



Oncotarget8222www.impactjournals.com/oncotarget

line with t(15;17) marker isolated from a human acute 
promyelocytic leukemia (M3). Blood. 1991; 77(5):1080-
1086.

66. Laouar A, Villiers C, Sanceau J, Maison C, Colomb M, 
Wietzerbin J and Bauvois B. Inactivation of interleukin-6 
in vitro by monoblastic U937 cell plasma membranes 
involves both protease and peptidyl-transferase activities. 
Eur J Biochem. 1993; 215(3):825-831.

67. Bauvois B, Durant L, Laboureau J, Barthelemy E, Rouillard 
D, Boulla G and Deterre P. Upregulation of CD38 gene 
expression in leukemic B cells by interferon types I and 
II. Journal of interferon & cytokine research : the official 
journal of the International Society for Interferon and 
Cytokine Research. 1999; 19(9):1059-1066.

68. Trocme C, Gaudin P, Berthier S, Barro C, Zaoui P and 
Morel F. Human B lymphocytes synthesize the 92-kDa 
gelatinase, matrix metalloproteinase-9. J Biol Chem. 1998; 
273(32):20677-20684.

69. Lendeckel U, Kahne T, Riemann D, Neubert K, Arndt M 
and Reinhold D. Review: the role of membrane peptidases 
in immune functions. Adv Exp Med Biol. 2000; 477:1-24.

70. Satoh M, Nakamura M, Satoh H, Saitoh H, Segawa I and 
Hiramori K. Expression of tumor necrosis factor-alpha-
-converting enzyme and tumor necrosis factor-alpha in 
human myocarditis. J Am Coll Cardiol. 2000; 36(4):1288-
1294.

71. Bauvois B, Dumont J, Mathiot C and Kolb JP. Production 
of matrix metalloproteinase-9 in early stage B-CLL: 
suppression by interferons. Leukemia. 2002; 16(5):791-798.

72. Munaut C, Noel A, Hougrand O, Foidart JM, Boniver J and 
Deprez M. Vascular endothelial growth factor expression 
correlates with matrix metalloproteinases MT1-MMP, 
MMP-2 and MMP-9 in human glioblastomas. Int J Cancer. 
2003; 106(6):848-855.

73. Sanceau J, Hiscott J, Delattre O and Wietzerbin J. IFN-
beta induces serine phosphorylation of Stat-1 in Ewing’s 
sarcoma cells and mediates apoptosis via induction of IRF-1 
and activation of caspase-7. Oncogene. 2000; 19(30):3372-
3383.


