ARTICLE

Inhibition of ADAM17 impairs endothelial cell
necroptosis and blocks metastasis

Metastasis is the major cause of death in cancer patients. Circulating tumor cells need to migrate through the endothelial
layer of blood vessels to escape the hostile circulation and establish metastases at distant organ sites. Here, we identified the
membrane-bound metalloprotease ADAM17 on endothelial cells as a key driver of metastasis. We show that TNFR1dependent tumor cell–induced endothelial cell death, tumor cell extravasation, and subsequent metastatic seeding is
dependent on the activity of endothelial ADAM17. Moreover, we reveal that ADAM17-mediated TNFR1 ectodomain shedding
and subsequent processing by the γ-secretase complex is required for the induction of TNF-induced necroptosis.
Consequently, genetic ablation of ADAM17 in endothelial cells as well as short-term pharmacological inhibition of ADAM17
prevents long-term metastases formation in the lung. Thus, our data identified ADAM17 as a novel essential regulator of
necroptosis and as a new promising target for antimetastatic and advanced-stage cancer therapies.

Introduction
Tumor metastasis, a process where circulating tumor cells
(CTCs) disseminate to distant organs, is a major cause of cancerrelated death. CTCs establish metastases after extravasation
from blood (or lymph) vessels and subsequently invade the
target tissue, thereby escaping immune surveillance mechanisms within the circulation. CTC extravasation involves adhesion to microvascular endothelium, elevation of endothelial
permeability, and transendothelial migration into the underlying tissue. All steps during tumor cell (TC) extravasation can be
induced either by paracrine factors secreted from the TCs or by
interacting hematopoietic cells, such as macrophages, granulocytes, or platelets (Strilic and Offermanns, 2017). Several of
these factors, such as C-C motif chemokine 2 (CCL2; Wolf et al.,
2012) or ATP (Schumacher et al., 2013) signal via G protein–

coupled receptors on either endothelial cells (ECs) or myeloid cells.
Release of TNF from macrophages promotes both hematogenic and lymphogenic tumor metastasis (Kim et al., 2009; Ji
et al., 2014). TNF-induced engagement of TNF receptor
1 (TNFR1) results in intracellular formation of the membranebound complex I of TNFR1 signaling. Complex I is a large multiprotein complex that includes recruitment of the adaptor
proteins TNFR1-associated with death domain (TRADD), TNFRassociated factor 2, receptor interacting kinase 1 (RIPK1), and the
E3 ubiquitin ligases cellular inhibitor of apoptosis proteins 1 and
2 (Brenner et al., 2015; Peltzer and Walczak, 2019). Ubiquitination of RIPK1 and other signal proteins of complex I is essential
for the recruitment of kinase complexes, which finally results in
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Clemens Schafmayer8, Jan-Hendrik Egberts8, Christoph Becker-Pauly1, Paul Saftig1, Ralph Lucius6, Wulf Schneider-Brachert9,
Roja Barikbin10, Dieter Adam4, Matthias Voss1, Wolfgang Hitzl11,12,13, Achim Krüger14, Boris Strilic15, Irit Sagi16, Henning Walczak2,3,
Stefan Rose-John1, and Dirk Schmidt-Arras1,17

Correspondence to Dirk Schmidt-Arras: dirk.schmidt-arras@plus.ac.at; M. Müller’s present address is the Beatson Institute for Cancer Research, Glasgow, United Kingdom.
© 2021 Bolik et al. This article is distributed under the terms of an Attribution–Noncommercial–Share Alike–No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).
Rockefeller University Press
J. Exp. Med. 2021 Vol. 219 No. 1 e20201039

https://doi.org/10.1084/jem.20201039

1 of 21

Bolik et al.
ADAM17 metastasis

formation of metastases has not been addressed. Given that
proteolytic release of TNF is predominantly mediated by
ADAM17, we hypothesized that ADAM17 might be essentially
involved in CTC extravasation and metastases formation
through regulation of the TNF/TNFR signaling cascade.
In the present study, we discovered that proteolytic processing of TNFR1 by ADAM17 is essential for the induction of
cellular necroptosis. We demonstrate that as such, ADAM17 is
crucial for TC-induced EC death and acts as a facilitator of TC
extravasation and metastases formation. Consequently, acute
treatment of mice with the antagonistically acting recombinant
prodomain (PD) of ADAM17 and thereby blocking ADAM17
catalytic activity was sufficient to prevent TC extravasation and
formation of metastatic colonies in the long term. Therefore,
ADAM17 is a novel and promising target for advanced-stage
cancer therapy.

Results
Microenvironmental ADAM17 promotes metastasis
We employed a murine model of hematogenic metastasis in
which syngeneic TCs were i.v. injected into immunocompetent
mice, resulting in the formation of experimental lung metastases. To investigate the impact of microenvironmental ADAM17
on TC extravasation and metastatic colony formation, we used
hypomorphic ADAM17ex/ex mice in which residual ADAM17
expression is lowered to 5% compared with WT control mice
(Fig. 1 A and Fig. S1 A). We injected either Lewis lung carcinoma
(LLC) or B16F1 melanoma TCs into both ADAM17ex/ex mice and
WT animals (Fig. 1 B). While ADAM17 was markedly reduced in
the metastatic microenvironment of ADAM17ex/ex mice, the inoculated TCs were still ADAM17 proficient (Fig. 1 A and Fig. S1
B). Using TCs with stable β-galactosidase (β-Gal; LacZ) expression, we detected significantly reduced numbers of LLC TCs 6 h
after injection in the lungs of ADAM17ex/ex mice compared with
controls (Fig. 1 C), indicating reduced TC extravasation in these
mice. The number of extravasated B16F1 TCs in ADAM17ex/ex
mice was reduced to a similar extent (Fig. 1 D). Importantly, we
also observed a striking effect on metastases formation, irrespective of the tumor entity, 3 wk after TC inoculation, where
ADAM17ex/ex mice displayed a drastically decreased tumor burden (Fig. 1, E and F). Consequently, ADAM17-deficient mice were
significantly protected from metastasis-induced death (Fig. 1 G).
EC-derived ADAM17 promotes tumor extravasation and
metastatic seeding
We hypothesized a reduction in vascular leakage as the reason
for the impaired TC extravasation in the absence of ADAM17. 6 h
after TC injection, we observed a transient increase of vascular
permeability in mice, as determined by FITC-dextran egress,
which was significantly lower in ADAM17ex/ex mice than in WT
control (Fig. 2, A and B) and declined to baseline levels after 24 h
in both mouse variants (data not shown). We concluded that ECderived ADAM17 might control transendothelial migration of
CTCs. In agreement with this assumption, we observed that
migration of fluorescently labeled TCs through a monolayer of
HUVECs and human lung microvascular ECs (HMVEC-L) was
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phosphorylation of inhibitor of NF-κB (IκB) and subsequent
gene induction through nuclear translocation of NF-κB. Notably,
complex I disassembly and RIPK1 deubiquitination induces a
switch from TNFR1 prosurvival signaling to induction of cell
death. This can either be mediated via formation of a cytosolic
complex II resulting in pro–caspase-8 recruitment, activation,
and execution of apoptosis or via formation of a heteroamyloid
complex called necrosome. The necrosome consists of the
adaptor protein Fas-associated with death domain (FADD) and
RIPK1 and 3. The latter phosphorylates the pseudokinase mixedlineage kinase domain-like (MLKL), leading to the induction of
cell death via MLKL-mediated pore formation and subsequent
necrosis (Brenner et al., 2015; Peltzer and Walczak, 2019). By
contrast, TNFR2 is lacking a death domain in its cytoplasmic
domain and, therefore, is unable to directly induce cell death.
TNFR2 engagement, rather, results in the activation of NF-κB
signaling (Brenner et al., 2015). The affinity of TNFR2 for
membrane-bound TNF was demonstrated to be higher than for
soluble TNF (Grell et al., 1995). Interestingly, while TNFR1 is
ubiquitously expressed, TNFR2 expression is restricted to hematopoietic and ECs (Brenner et al., 2015).
Induction of EC necroptosis and concomitant release of
death-associated molecular patterns is discussed as a mechanism
of how CTCs breach the endothelial barrier (Strilic et al., 2016;
Hänggi et al., 2017; Hou et al., 2019; Yang et al., 2019; Patel et al.,
2020). However, the detailed mechanism underlying endothelial
barrier opening during TC extravasation is still incompletely
understood. Identification of inducers and mediators of this
process could potentially establish therapeutic targets against
metastasis.
Proteolytic release of ectodomains, a process termed ectodomain shedding, is an irreversible posttranslational mechanism that regulates protein function, intracellular signaling, and
provision of signals to neighboring cells. Members of the disintegrin and metalloprotease (ADAM) family are major mediators of ectodomain shedding (Reiss and Saftig, 2009). The family
member ADAM17 is a membrane-bound metalloprotease involved in the shedding of a plethora of transmembrane proteins,
including growth factors, cytokines, and receptor molecules
(Reiss and Saftig, 2009).
Activation of ADAM17 has been linked to the engagement of
G protein–coupled receptors, as well as to p38 and ERK MAPKs
(Xu et al., 2012). Mice with genetic deficiency in Adam17 are
embryonically lethal (Peschon et al., 1998). In addition, ADAM17inactivating mutations are associated with severe pathologies in
humans (Blaydon et al., 2011), mainly caused by impaired release
of epidermal growth factor receptor (EGFR) ligands. We previously generated viable ADAM17 hypomorphic (ADAM17ex/ex)
mice exhibiting only ∼5% residual Adam17 expression in all tissues, allowing us to study the impact of ADAM17 deficiency
in vivo (Chalaris et al., 2010). ADAM17 is involved in the generation of a chronic inflammatory state, thereby predisposing to
cancer development, since it proteolytically cleaves and releases
TNF and IL-6R (Scheller et al., 2011). Overexpression of ADAM17
in TCs of primary tumors (Murphy, 2008) is often observed and
predominantly linked to autocrine EGFR activation on TCs. So
far, the impact of ADAM17 on CTC extravasation and subsequent

2 of 21

Downloaded from http://rupress.org/jem/article-pdf/219/1/e20201039/1426991/jem_20201039.pdf by Ucl Library Services user on 05 January 2022

Figure 1. Host ADAM17 promotes metastasis to the lung. (A) Expression of ADAM17 (red lines) in the metastatic microenvironment of WT and hypomorphic ADAM17ex/ex mice in the experimental model used in this study. Note that ADAM17 expression is not altered on injected TCs. (B) Experimental outline
for experiments in C–F. Syngeneic TCs are injected i.v. into the tail vein of the indicated mouse lines. TCs expressing LacZ are used in C and D, and mice were
sacrificed 6 h after TC injection, while parental TCs are used in E and F, and mice were sacrificed 3 wk after TC injection. (C and D) Extravasated TCs were
quantified by β-Gal staining 6 h after TC injection. Representative microscopic images are shown. Scale bars represent 50 μm. n = 3–4 mice/group. *, P < 0.05
(C); P = 0.12 (D) by two-sided Wilcoxon rank sum test with continuity correction. (E and F) 21 d after TC injection, lung metastases were counted. Representative lung images 21 d after TC injection are shown. Scale bar indicates 5 mm. n = 8–9 mice/group (E) and 6 mice/group (F). *, P < 0.05; **, P < 0.01 by
unpaired two-tailed bootstrap t test based on 5,000 Monte Carlo simulations. (G) Kaplan–Meier survival curves for WT and ADAM17ex/ex mice demonstrate
that ADAM17 is essential for metastasis-induced death. n = 15 mice/group. ****, P < 0.0001. Data represent mean ± SEM. p.i., postinjection.
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Figure 2. TC-induced endothelial permeability is promoted by ADAM17. (A) Experimental outline as performed in B. Parental LLC or B16F1 TCs were i.v.
injected into the indicated mouse strains. 6 or 24 h later, FITC-labeled dextran was i.v. injected 10 min before sacrificing. (B) Confocal images of lung sections
stained for the indicated markers. FITC+ area was quantified as a measure of vascular permeability. Scale bar indicates 25 μm. n = 3 mice/group (top), n = 4
mice/group (bottom), with six images per section quantified. *, P < 0.05 by one-way ANOVA on ranks with Dunn’s post hoc test. (C) Transendothelial migration
of CFSE-labeled MDA-MB231 TCs through monolayers of HUVEC or HMVEC-L with siRNA-mediated knockdown of ADAM17. Shown is the quantification of six
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(HUVEC) or three (HMVEC-L) independent experiments. *, P < 0.05; ****, P < 0.0001 by unpaired two-tailed t test with Welch’s correction. (D) Tamoxifen
(TAM) injection into Cdh5-CreERT2::ADAM17flox/flox mice results in ADAM17iΔEC. Note that all other cells in the metastatic microenvironment express ADAM17.
(E) Experimental outline as performed in F–I. To induce ADAM17iΔEC, mice received four consecutive tamoxifen injections. Control animals were injected with
vehicle (EtOH/oil). 7 d later, TCs were injected i.v. into the tail vein of the indicated mouse lines. TCs expressing LacZ were used in F and G, and mice were
sacrificed 6 h after TC injection, while parental TCs were used in H and I and mice were sacrificed 3 wk after TC injection. (F and G) Extravasated TCs were
quantified by β-Gal staining. Representative microscopic images are shown. Scale bar indicates 50 μm. n = 4–6 mice/group. *, P < 0.05; **, P < 0.01 by twofactorial ANOVA with group as fixed factor (F) or signed rank test based on 5,000 Monte Carlo simulations (G). (H and I) 3 wk after TC injection, lung
metastases were counted. Representative lung images 21 d after TC injection are shown. Scale bar indicates 5 mm. n = 4–5 mice/group. *, P < 0.05; ***, P <
0.001 by unpaired two-tailed Student’s t test with Welch’s correction. Data represent mean ± SEM. Ctrl, control; p.i., postinjection; rel. relative.

ADAM17 confers TC-induced EC death
TC-induced EC death is one mechanism that is discussed to
mediate vascular permeability preceding TC extravasation
(Hänggi et al., 2017; Hou et al., 2019; Yang et al., 2019; Patel et al.,
2020). We therefore assessed whether TC-dependent EC death
induction depends on ADAM17 on the basis of ethidium homodimer III (EthDIII) uptake into cells with impaired membrane
integrity, as previously described (Strilic et al., 2016). Cocultivation of HUVECs with fluorescently labeled MDA-MB231 breast
cancer cells (Fig. 3 A) resulted in a significantly lower level of
EthDIII incorporation into HUVECs with siRNA-mediated suppression of ADAM17 compared with ADAM17-competent control
cells (Fig. 3 B). Similar results were obtained when LacZexpressing B16F1 or LLC murine TCs were cultivated on murine microvascular lung ECs (MLECs; Fig. 3 C and Fig. S2 B).
Accordingly, EthDIII incorporation into CD31+ lung ECs but not
into TTF1+ pneumocytes 6 h after TC injection was significantly
reduced in ADAM17ex/ex mice, almost to the same level as in
necroptosis-deficient RIPK3−/− mice (Fig. 3, D–F). Consistent
with the assumption of a cell-autonomous effect of ADAM17, ECspecific ADAM17 deficiency in ADAM17iΔEC mice was sufficient
to suppress TC-induced EC death during TC extravasation
(Fig. 3, G–I).
Both EC- and TC-derived TNF promote TC extravasation and
metastasis
TNF secreted from myeloid cells was previously demonstrated to
promote lung metastasis (Kim et al., 2009). We therefore hypothesized that ADAM17-mediated TNF release from myeloid
Bolik et al.
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cells regulates metastasis. However, while we detected a significant reduction of TNF release from ADAM17-deficient bone
marrow–derived macrophages and neutrophils (Fig. S1, D–F),
metastases burden was not reduced in mice exhibiting a myeloidspecific ADAM17 deficiency (Fig. S1, G–I). We therefore concluded
that myeloid-derived TNF is dispensable for metastasis.
In contrast, siRNA-mediated suppression of TNF in both
human (Fig. 4 A) and murine ECs (Fig. 4 B) reduced TC-induced
cell death in vitro, indicating that EC-derived TNF promotes TCinduced EC death (Fig. 4 C). In line with the assumption that TNFR1
mediates TNF-induced cell death signaling, we observed significantly reduced TC-induced EC death in vitro in HUVECs with
siRNA-mediated suppression of TNFR1 (Fig. 4 D). Consequently, the
number of extravasated TCs in vivo was significantly lower in
TNFR1−/− mice compared with WT animals (Fig. 4, E and F).
We furthermore assessed whether TC-derived TNF contributes to metastasis in our model (Fig. 5 A). We detected low-level
TNF on the surface (Fig. 5 B) and in the supernatant (Fig. S4, A
and B) of all three TC lines used in this study. We therefore
generated LacZ-expressing LLC and B16F1 TCs with a genetic
deficiency in TNF using CRISPR/Cas9. We targeted Tnf exon
1 with a multiguide approach (Fig. S3 A), which resulted in a 110bp deletion (Fig. S3, B–D), leading to a premature stop codon
(Fig. S3 D). TC-specific TNF deficiency did not alter TC-induced
MLEC death in an in vitro coculture assay (Fig. S3 E). Similarly,
TC-induced EC death in vivo was not altered in the absence of
TC-derived TNF (Fig. 5, C and D). In contrast, TC extravasation
was significantly reduced in the absence of TC-derived TNF
(Fig. 5, C and E). Consequently, metastasis formation was largely
reduced in the absence of TC-derived TNF 3 wk after injection
(Fig. 5 F), suggesting that TC survival in vivo depends on a lowlevel TNF autocrine loop. We indeed observed a slightly increased susceptibility toward TNF-induced cell death in the
absence of TC-derived TNF for LLC-LacZ cells (Fig. 5 G).
We next assessed whether pharmacological blockade of TNF
signaling prevents TC extravasation. TC-induced EC death
in vitro in the HUVEC/MDA-MB231 coculture model was significantly reduced when TNF was neutralized by binding to
etanercept, a recombinant form of the soluble human TNFR2
ectodomain fused to a human Fc-tag (Fig. 6, A and B; Moreland
et al., 1997). TC-induced EC death in vivo was significantly
lowered when etanercept was administered to mice 5 min before
TC injection (Fig. 6, C and D). Consequently, TC extravasation
was significantly reduced but not completely absent when TNF
was neutralized by etanercept (Fig. 6 E).
Taken together, while TC-derived TNF seems to be essential
for CTC survival, EC-derived TNF is crucial for TC-induced EC
Journal of Experimental Medicine
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significantly reduced upon siRNA-mediated ADAM17 suppression in ECs (Fig. 2 C and Fig. S2 A). To test the hypothesis that
EC-derived ADAM17 controls TC extravasation in vivo, we
generated mice with an EC-specific ADAM17 deficiency (ADAM17iΔEC; Fig. 2 D; and Fig. S2, C–E) using tamoxifen-inducible
Cdh5-CreERT2 mice (Sörensen et al., 2009). Indeed, TC extravasation was significantly lowered in ADAM17iΔEC mice
(Fig. 2, E–G), and tumor burden was reduced to a similar extent
as in ADAM17ex/ex mice 3 wk after TC inoculation (Fig. 2, H and
I). We detected ADAM17 expression in ECs of human lung metastases irrespective of the primary tumor entity (Fig. S1 C),
which is compatible with a critical role of endothelial ADAM17 in
human metastasis. Taken together, while previous reports have
observed a role of TC-derived ADAM17 for primary tumor
growth, we demonstrate here that EC-derived ADAM17 in the
metastatic microenvironment is essential for TC extravasation
and the establishment of metastatic colonies.
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Figure 3. ADAM17 is essential for TC-induced EC death. (A) HUVECs (human) or MLECs (murine) with indicated siRNA-mediated knockdown were cocultured with CFSE-labeled MDA-MB231 (human) or B16F1-LacZ or LLC-LacZ (murine) TCs, respectively, and cells with impaired membrane integrity were
determined after 6 h by EthDIII uptake. (B) Shown are representative confocal images of cocultures of MDA-MB231 on HUVECs with the indicated genetic
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deficiency and quantification of four independent experiments with three technical replicates and three images per replicate analyzed. Scale bar indicates 100
μm. ***, P < 0.001 by unpaired two-tailed Mann–Whitney U test. (C) Shown are representative confocal images of LLC-LacZ or B16F1-LacZ cocultured on
MLECs with the indicated genetic deficiency and the quantification of three independent experiments with three technical replicates and three images per
replicate analyzed. Scale bar indicates 100 μm. *, P < 0.05; **, P < 0.01 by one-way ANOVA with Tukey’s post hoc test. (D) Experimental outline as performed
in E and F. LacZ-expressing LLC TCs were i.v. injected into the indicated mouse strains. 6 h later, EthDIII was i.v. injected 5 min before sacrificing. (E) Representative confocal image of lung sections for the indicated markers indicates cell death in CD31+ ECs but not in TTF1+ type II pneumocytes. Scale bar indicates
25 μm in the overview and 5 μm in the enlarged view. White arrows indicate EthDIII+CD31+ cells, and yellow arrows indicate β-Gal+ TCs. (F) Pulmonary EthDIII+
ECs were quantified from confocal images of lung sections stained for the indicated markers. Scale bar indicates 50 μm. White arrows indicate EthDIII+CD31+
cells. n = 3 mice/group, with three to six sections per mouse and at least three images per section analyzed. *, P < 0.05 by one-way ANOVA on ranks with
Dunn’s post hoc test. (G) Experimental outline as performed in H and I. To induce EC-specific ADAM17 deficiency, mice received four consecutive tamoxifen
(TAM) injections. Control animals were injected with vehicle (EtOH/oil). 7 d later, LacZ-expressing LLC TCs were i.v. injected into the indicated mouse strains.
6 h after TC injection, EthDIII was i.v. injected 5 min before sacrificing. (H and I) Pulmonary EthDIII+ ECs were quantified from confocal images of lung sections
stained for the indicated markers. Scale bar indicates 50 μm. White arrows indicate EthDIII+CD31+ cells, and yellow arrows indicate β-Gal+ TCs. n = 3–5 mice/
group with three to six sections per mouse and at least three images per section analyzed. *, P < 0.05, unpaired two-tailed bootstrap t test based on 5,000
Monte Carlo simulations (H) or generalized linear model based on log-normal distributions (I). Data represent mean ± SEM. Ctrl, control; p.i., postinjection.

ADAM17 is essential for TNFR1-mediated necroptosis
On the basis of the cell-autonomous effect of ADAM17 in ECs for
TC-induced cell death, we next hypothesized that ADAM17 activity is a general prerequisite for TNF-induced cell death. We
therefore induced necroptosis in WT or ADAM17ex/ex murine
embryonic fibroblasts (mEFs) by administration of TNF and the
pancaspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl[O-methyl]-fluoromethylketone (zVAD), as previously described
(Lafont et al., 2018). TNF/zVAD-induced cell death was drastically impaired in ADAM17ex/ex mEFs (Fig. 7 A), indicating that
ADAM17 is required for TNFR1-induced necroptosis. Also in
HUVECs, TNF/zVAD-induced cell death was significantly reduced when ADAM17 expression was suppressed (Fig. 7 B). This
led to the hypothesis that canonical NF-κB signaling might
prevent cell death induction in the absence of ADAM17. Phosphorylation of IκB by IκB kinase induces ubiquitin-dependent
proteasomal degradation of IκB and subsequent translocation of
a NF-κB heterodimer, such as p50/p65, to the nucleus to enable
transcription of NF-κB target genes (Napetschnig and Wu, 2013).
In line with a protective role of NF-κB signaling in ADAM17deficient cells, we observed comparable levels of cell death induction in control cells and HUVECs with siRNA-mediated
suppression of ADAM17 upon inhibition of IκB kinase with the
small molecule TPCA-1 (Fig. 7 B). This correlated with ligandindependent p65 phosphorylation in ADAM17ex/ex mEFs, while
in WT mEFs, p65 phosphorylation was only detectable upon TNF
stimulation (Fig. 7 C). Interestingly, ligand-dependent IκB
phosphorylation and concomitant IκB degradation were only
observed in WT mEFs, while IκB levels remained unchanged in
ADAM17ex/ex mEFs (Fig. 7 C). Nuclear localization of the NF-κB
subunit p65 and activation of an NF-κB reporter construct was
significantly elevated in ADAM17ex/ex mEFs compared with WT
mEFs (Fig. 7 D and Fig. S4 C). In the same line, NF-κB target
genes, such as Tnf, Cflar, and Birc3, were constitutively elevated
in ADAM17ex/ex mEFs compared with WT mEFs, which showed
increased NF-κB target gene levels only after TNF stimulation
(Fig. 7 E). Taken together, our data suggest a constitutive noncanonical NF-κB activation in the absence of ADAM17.
Bolik et al.
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Proteolytic processing of TNFR1 is essential for cell
death induction
We next tested whether TNFR2 mediates protective effects in
the absence of ADAM17. We therefore suppressed TNFR2 expression in HUVECs by siRNA and simultaneously inhibited
ADAM17 activity using the hydroxamate-type metalloproteinase
inhibitor TAPI-1. TC-induced EC death was only slightly increased when TNFR2 expression was downregulated by siRNA
(Fig. S4 D). In contrast, inhibition of ADAM17 activity by TAPI1 resulted in impaired TC-induced EC death to the same extent
as siRNA-mediated suppression of ADAM17 in both TNFR2proficient HUVECs and those with siRNA-mediated suppression of TNFR2 (Fig. S4 D). We therefore hypothesized that
instead, proteolytic processing of TNFR1 by ADAM17 might be
essential for TC-induced EC death. Accordingly, levels of soluble
TNFR1 (sTNFR1) in the supernatant of HUVECs with ADAM17
suppression (Fig. S4 E), cocultivated with TCs, as well as in the
supernatant of TNF-stimulated mEFs (Fig. S4 F), were significantly reduced. Furthermore, sTNFR1 plasma levels 6 h after TC
injection were reduced in ADAM17ex/ex mice (Fig. S4 G). In line
with these data, appearance of a TNFR1 C-terminal fragment was
reduced in ADAM17ex/ex mEFs (Fig. S4 H), as well as in ADAM17deficient HEK293 cells (Fig. S4 I). To test our hypothesis, we
generated ADAM17 cleavage-resistant TNFR1 mutants (Fig. 8 A)
by substituting the P19 valine at the ADAM17 cleavage site by
proline, as previously described (Brakebusch et al., 1994). When
transfected into HEK293 cells, proteolytic processing of TNFR1
V202P was almost completely impaired and to the same extent
as processing of TNFR1 WT in ADAM17-deficient HEK293 cells
(Fig. S4 K). While expression of both TNFR1 variants was comparable in reconstituted TNFR1−/− mEFs (Fig. 8 B), cell surface
levels of TNFR1 V202P were slightly elevated compared with
TNFR1 WT (Fig. 8 C). In line with our hypothesis, TNF/
zVAD-induced necroptosis was significantly reduced in TNFR1
V202P–reconstituted mEFs and lowered to a similar extent as
in ADAM17ex/ex mEFs (Fig. 8 D). Accordingly, ligand-induced
RIPK3 phosphorylation was impaired in TNFR1 V202Preconstituted mEFs (Fig. 8 E). These data indicate that
ADAM17-mediated ectodomain shedding of TNFR1 is important
for TNF-induced cell death. In support of this notion, we observed a strongly reduced association of RIPK1 and cleaved
Journal of Experimental Medicine
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death. Therefore, TNF is a druggable target for the prevention of
tumor metastasis.
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caspase 8 to the adaptor protein FADD (Fig. 8 F), indicating
impaired TNFR1 complex II and necrosome formation.
Ectodomain shedding of transmembrane proteins is often
followed by regulated intramembrane proteolysis (RIP). The
γ-secretase complex with its catalytic subunits presenilin (PSEN)
1 and 2 is a major mediator of RIP (Oikawa and Walter, 2019) and
is involved in TNFR1 processing (Fig. 8 G; Chhibber-Goel et al.,
2016). In support of this notion, we observed that TNF/zVAD-induced necroptosis was significantly reduced in PSEN1+/−2−/− mEFs
Bolik et al.
ADAM17 metastasis

Downloaded from http://rupress.org/jem/article-pdf/219/1/e20201039/1426991/jem_20201039.pdf by Ucl Library Services user on 05 January 2022

Figure 4. EC-derived TNF is necessary for TC-induced EC death. (A) HUVECs with siRNA-mediated TNF knockdown were cocultured with CFSE-labeled
MDA-MB231 TCs, and cells with impaired membrane integrity were determined after 6 h by EthDIII uptake. Shown are representative images and the
quantification of three independent experiments. Three technical replicates per experiment with three to four images per replicate were analyzed. Scale bar
indicates 50 μm. ****, P < 0.0001 by semiparametric generalized linear model based on log-normal distributions. (B) Murine MLECs with siRNA-mediated TNF
knockdown were cocultured with the indicated CFSE-labeled murine TCs. Cells with impaired membrane integrity were determined after 6 h by EthDIII uptake.
Shown are representative images and the quantification of four independent experiments. Three technical replicates per experiment with three to four images
per replicate were analyzed. Scale bar indicates 50 μm. *, P < 0.05 by unpaired two-tailed Mann–Whitney U test. (C) Contact with TCs might induce an autocrine
soluble TNF loop in ECs, leading to EC death. (D) HUVECs with indicated siRNA-mediated knockdown were cocultured with CFSE-labeled MDA-MB231 TCs, and
cells with impaired membrane integrity were determined after 6 h by EthDIII uptake. Shown are representative images of three independent experiments. Three
technical replicates per experiment with three to four images per replicate were analyzed. Scale bar indicates 50 μm. ***, P < 0.001 by one-way ANOVA on ranks
with Dunn’s post hoc test. (E) Experimental outline as performed in F. LacZ-expressing LLC TCs were i.v. injected into the indicated mouse strains, and TC
extravasation was assessed after 6 h. (F) Extravasated TCs 6 h after TC injection were quantified by β-Gal staining. Representative microscopic images are
shown. Scale bar indicates 50 μm. n = 3 mice/group. ***, P < 0.001 by unpaired Student’s t test. Data represent mean ± SEM. Ctrl, control; p.i., postinjection.

(Fig. 8 H). Taken together, our data suggest that ADAM17mediated ectodomain shedding and subsequent γ-secretase-mediated RIP of TNFR1 is a prerequisite for TNF-induced cell death.
Pharmacological inhibition of ADAM17 is sufficient to
block metastasis
We further sought to explore whether pharmacological inhibition of ADAM17 is sufficient to block TC-induced EC death
in vivo and, in consequence, CTC extravasation and metastasis.
Journal of Experimental Medicine
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Figure 5. TC-derived TNF is dispensable for TC-induced EC death but required for metastasis. (A) TCs can produce membrane-bound or soluble TNF-α
that can directly bind to TNFR1 on ECs to induce EC death and promote endothelial permeability. (B) TCs used in this study express very-low-level TNF as
assessed by flow cytometry using anti-TNF antibodies. (C) Experimental outline as performed in D–G. TNF-deficient (TNFko) LacZ–expressing LLC or B16F1
TCs were generated by CRISPR/Cas9 (Fig. S3). Parental or TNF-deficient (TNFko) LacZ-expressing LLC or B16F1 TCs were i.v. injected into the indicated mouse
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strains. 6 h later, EthDIII was i.v. injected 5 min before sacrificing, where indicated (E and F). 21 d after injection, lung metastases were determined (G).
(D) Pulmonary EthDIII+ ECs were quantified from confocal images of lung sections stained for the indicated markers. Scale bar indicates 50 μm. White arrows
indicate EthDIII+ ECs. n = 4–5 mice/group; unpaired two-tailed Mann–Whitney U test. (E) Extravasated TCs 6 h after TC injection were quantified by β-Gal
staining. Representative microscopic images are shown. Scale bar indicates 100 μm. Black arrows indicate extravasated TCs. n = 4–5 mice/group. ****, P <
0.0001 by unpaired two-tailed generalized linear model based on γ-distributions. (F) 3 wk after TC injection, lung metastases were counted. Representative
lung images 21 d after TC injection are shown. n = 4–5 mice/group. **, P < 0.01 by two-tailed Mann–Whitney U test. (G) LLC-LacZ TCs with the indicated
genotype were incubated where indicated with 100 μM zVAD 15 min before stimulation with 50 ng/ml TNF. Cells with impaired membrane integrity were
determined after 6 h by EthDIII uptake. Shown are representative images and the quantification of four independent experiments with three technical
replicates and three to four images per replicate analyzed. Scale bar indicates 50 μm. *, P < 0.05 by Welch’s ANOVA with Tukey’s post hoc test. Data represent
mean ± SEM. p.i., postinjection.

Discussion
Here, we describe a previously unknown essential role of
ADAM17 in the metastatic microenvironment, leading to a novel
concept of antimetastatic therapy. We demonstrate that efficient
formation of metastases depends on extravasation of TCs, which
requires ADAM17 activity in ECs. Mechanistically, TC- and TNFinduced cellular necroptosis largely depend on ADAM17-mediated
proteolytic processing of death receptor TNFR1. Genetic loss of
ADAM17 in ECs or inhibition of ADAM17 catalytic activity is
therefore sufficient to (i) prevent TC-induced EC necroptosis, (ii)
lower TC extravasation, and (iii) protect from metastases formation in two syngeneic hematogenic metastasis models.
Albeit tumor metastasis is the major cause of death in cancer
patients, there are currently no clinically approved drugs
available that specifically target steps of the metastatic cascade
(Strilic and Offermanns, 2017). This is also due to the fact that
beneficial effects of therapeutic inhibition of a particular pathway during metastasis are difficult to predict. For example, antiCCL2 monotherapy reduces metastasis of mammary carcinoma
but promotes tumor progression after cessation of therapy
(Bonapace et al., 2014). Therefore, development of novel
Bolik et al.
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therapeutic concepts targeting tumor metastasis is highly warranted. Multiple pathways are implicated in the induction of endothelial permeability and TC extravasation (Reymond et al., 2013;
Strilic and Offermanns, 2017), including soluble factors released from
CTCs or hematopoietic cells, such as CCL2 (Wolf et al., 2012) or ATP
(Schumacher et al., 2013), that act through engagement of G
protein–coupled receptors. Certain subsets of G protein–coupled receptors have been linked to activation of ADAM17 (Inoue et al., 2012).
Previous reports suggested a pivotal contribution of the
TNFR superfamily (TNFRSF) members TNFR1 (Ji et al., 2014) and
death receptor 6 (Strilic et al., 2016) to lymphogenic and hematogenic metastasis, respectively. TC-mediated induction of
EC necroptosis via TNFRSF signaling is discussed to promote TC
metastasis (Strilic et al., 2016; Hänggi et al., 2017; Hou et al.,
2019; Yang et al., 2019; Patel et al., 2020), and metastasis was
shown to be reduced in mice with EC-specific RIPK3 deficiency
(Strilic et al., 2016; Yang et al., 2019) and in mice with kinaseinactive RIPK1 (Hänggi et al., 2017; Hou et al., 2019). However,
these findings are also controversially discussed (Patel et al.,
2020). Furthermore, it should be noted that i.v. injection of
TCs, which is a widely used model of TC extravasation and hematogenic metastasis (Abdul Pari et al., 2021), has its limitations
because it might be influenced by passive cancer cell trapping in
the microvasculature or additional unknown effects.
Here, we show that hematogenic metastasis depends on TNF
signaling via TNFR1 and concomitant induction of cell death in ECs.
We show that during TC extravasation, TNF seems to be provided
primarily by ECs. By contrast, TCs seem to exploit autocrine TNF
signaling to escape from TNF-induced cell death in the circulation. It
is therefore not surprising that TC-induced EC death and concomitant metastasis is impaired upon TNF neutralization.
We furthermore provide evidence that hematogenic metastasis relies on ADAM17 on ECs and that TC-induced and TNFmediated EC death is promoted by cell-autonomous ADAM17
activity. ADAM proteases, notably ADAM9 and ADAM10, were
shown to accelerate necroptosis through ectodomain shedding
of cell adhesion proteins (Cai et al., 2016). Furthermore, we have
previously suggested that ADAM17 is involved in the induction
of necroptosis (Fuchslocher Chico et al., 2018). Here, we demonstrate that TNFR1-induced cell death relies on proteolytic
TNFR1 ectodomain release by ADAM17. Recently, a hexagonal
arrangement of TNFR1 trimers on the plasma membrane
mediated at least partially via its extracellular domains (ECDs)
was proposed (Vanamee and Faustman, 2018; Vanamee and
Faustman, 2020). In this model, the intracellular domains of
individual TNFR1 trimers are separated largely enough to adapt
Journal of Experimental Medicine
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To this end, we used the ADAM17 inhibitor TAPI-1 and the
recently developed, highly specific inhibitory recombinant
ADAM17 PD (Fig. 9 A; Wong et al., 2016). Proteolytic removal of
the inhibitory PD from the ADAM17 proenzyme in the Golgi
during maturation renders ADAM17 catalytically competent
(Scheller et al., 2011; Wong et al., 2015). ADAM17 PD shares
almost no homology with other PDs of the ADAM or matrix
metalloproteinase family, making recombinant ADAM17 PD a
suitable candidate for highly specific ADAM17 inhibition (Wong
et al., 2016). TAPI-1 or ADAM17 PD impaired ADAM17 activity
in vitro at an half maximal inhibitory concentration (IC50) of
128.0 ± 0.9 nM and 110.8 ± 1.6 nM, respectively (Fig. S5, A–D).
We administered a single dose of TAPI-1 or ADAM17 PD i.v. 5 min
before TC injection (Fig. 8 B) and observed significantly reduced
lung EC necroptosis 6 h after TC injection (Fig. 9 C). Accordingly,
TC extravasation was significantly reduced in inhibitor-treated
animals (Fig. 9 D). Consequently, injection of a single dose of
ADAM17 PD before TC injection had long-term effects in mice.
Mice with ADAM17 PD injection showed a markedly reduced
tumor burden in the lung, and partially in liver and kidney (Fig.
S5 E), 3 wk after TC injection (Fig. 9 E). Taken together, shortterm pharmacological inhibition of ADAM17 activity is sufficient
to prevent long-term metastatic seeding to the lung.
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a higher-order signaling complex mediated by TNFR-associated
factor dimerization and trimerization interfaces (Napetschnig
and Wu, 2013; Vanamee and Faustman, 2020).
We propose that proteolytic processing of TNFR1 by ADAM17,
and subsequently by the γ-secretase complex, relieves the
membrane-mediated hexagonal structural constraints, thereby
destabilizing the membrane-proximal receptor complex (Fig. 10
A). Subsequently, RIPK1 is liberated and upon deubiquitination,
forms either the cytosolic complex IIa/b or in the presence of
inactive pro-caspase-8, the RIPK1/RIPK3-containing necrosome
to induce cell death via apoptosis or necroptosis, respectively.
Interestingly, insertion of a tobacco etch virus protease cleavage
Bolik et al.
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Figure 6. Pharmacological inhibition of TNF impairs TC-induced EC death and tumor extravasation. (A) Etanercept is a recombinant protein fusion of
the ECD of murine TNFR2 and a human IgG Fc portion that binds to TNF and thereby blocks TNF signaling. (B) HUVECs were cocultured with CFSE-labeled
MDA-MB231 TCs in the presence or absence of etanercept. Cells with impaired membrane integrity were determined after 6 h by EthDIII uptake and confocal
microscopy. Shown are representative images of three independent experiments with three technical replicates and three to four images per replicate analyzed. Scale bar indicates 50 μm. *, P < 0.05 by one-way ANOVA on ranks with Dunn’s post hoc test. (C) Experimental outline as performed in D and E. Where
indicated, mice were injected i.v. with PBS or etanercept 5 min before TC injection. LacZ-expressing LLC TCs were i.v. injected into WT mice. 6 h later, EthDIII
was i.v. injected 5 min before sacrificing where indicated. (D) Pulmonary EthDIII+ ECs were quantified from confocal images of lung sections stained for the
indicated markers. Scale bar indicates 50 μm. n = 5–6 mice/group. *, P < 0.05 by unpaired two-tailed bootstrap t test based on 5,000 Monte Carlo simulations.
(E) Extravasated TCs 6 h after TC injection were quantified by β-Gal staining. Representative microscopic images are shown. Scale bar indicates 50 μm. n = 5–6
mice/group. *, P < 0.05 by unpaired two-tailed generalized linear model based on log-Tweedie distributions. Data represent mean ± SEM. p.i., postinjection.

site into the juxtamembrane region of death receptor 5 allowed
for cell death induction upon tobacco etch virus protease–
mediated removal of the ECD (Pan et al., 2019), suggesting that
proteolytic removal of the ECD might be a general prerequisite
for cell death induction by TNFRSF members.
We demonstrate that in the absence of ADAM17, levels of
membrane-bound TNF increase, leading to enhanced TNFR2
engagement and subsequent noncanonical NF-κB activation
(Fig. 10 B). Therefore, ADAM17 fine-tunes TNF responses via
TNFR1 and TNFR2. During metastasis, ADAM17 promotes EC
death by switching TNFR1/2-mediated prosurvival signaling
toward TNFR1-mediated cell death signaling. A similar role for
Journal of Experimental Medicine
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Figure 7. ADAM17 is essential for TNF-mediated necroptotic cell death. (A) mEFs with the indicated genotype were incubated with 100 μM zVAD 15 min
before stimulation with 50 ng/ml TNF. Cells with impaired membrane integrity were determined after 6 h by EthDIII uptake. Shown are representative images
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of three independent experiments with three technical replicates per experiment and three to four images per replicate analyzed. Scale bar indicates 200 μm.
***, P < 0.001 by one-way ANOVA on ranks with Dunn’s post hoc test. (B) HUVECs with indicated siRNA-mediated knockdown were incubated with 100 μM
zVAD and TPCA-1, if indicated, 15 min before stimulation with 50 ng/ml TNF. Cells with impaired membrane integrity were determined after 4 h by EthDIII
uptake. Shown are representative images of three to five independent experiments with three technical replicates per experiment and three to four images per
replicate analyzed. Scale bar indicates 200 μm. *, P < 0.05 by one-way ANOVA on ranks with Dunn’s post hoc test. (C) mEFs with the indicated genotype were
stimulated with 200 ng/ml modified tandem affinity purification–tagged TNF for the indicated time points and subsequently lysed. Cell lysates were analyzed
by SDS-PAGE and immunoblotting with the indicated antibodies. Immunoblots of one representative experiment and the quantification of three independent
experiments are shown. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 by generalized estimating equation models with least significant difference post hoc tests
with Bonferroni corrections. (D) mEFs with the indicated genotype were grown on coverslips, and phosphorylation and nuclear translocation of the NF-κB
component p65 was determined by immunofluorescence and confocal microscope. Shown are representative microscopic images and the quantification of
nuclear signals from eight (p65) or three (pp65) independent experiments. Scale bars indicate 25 μm. *, P < 0.05; ***, P < 0.001 by unpaired two-tailed
bootstrap t test. (E) mEFs with the indicated genotype were stimulated with 200 ng/ml TNF for the indicated time points, and expression of the indicated NFκB target genes were assessed by quantitative RT-PCR from six independent experiments. *, P < 0.05; **, P < 0.01 by unpaired two-tailed bootstrap t test
based on 5,000 Monte Carlo simulations. Data represent mean ± SEM. Ctrl, control.

Materials and methods
Compounds, antibodies, and reagents
PBS (#D8537), Hoechst 33342, and FITC-labeled 40-kD dextran
(#FD40S) were purchased from Sigma-Aldrich. TAPI-1 (#BMLPI134) was from Enzo Life Sciences. EthDIII (#B-40050) was
Bolik et al.
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from Biotium/Hölzel Diagnostika. TNFR1 (#DY-425) ELISAs
were from R&D Systems. CFSE was from eBiosciences. zVADfmk (#N-1510) was from Bachem. TPCA-1 (#Cay-15115) was from
Biomol/Cayman Chemical. Human and mouse TNF was purchased from ImmunoTools.
Cell lines and reagents
LLC and B16F1 cells were from Cell Lines Service. MDA-MB231
were provided by Dr. Nina Hedemann (University Hospital Kiel, Kiel,
Germany). HUVECs were from PromoCell. HMVEC-L were from
Lonza. LLC-LacZ, B16F1-LacZ, ADAM17-deficient HEK293T cells,
ADAM17ex/ex mEFs, and PSEN1+/−/2−/− mEFs were described previously (Tournoy et al., 2004; Chalaris et al., 2010; Riethmueller et al.,
2016). TNF−/− mEFs (Peltzer et al., 2014) and TNFR1−/− mEFs (Pfeffer
et al., 1993) were described previously. HUVECs and HMVEC-L were
cultivated in EGM-2 (#C-22011; PromoCell) and EGM-MV2 (#C-2212;
PromoCell), respectively. All other cell lines were cultivated in
DMEM + 10% FCS. All cells were incubated at 37°C, 5% CO2 and 95%
humidity. Cell lines were tested routinely at least every 3 mo for
Mycoplasma contamination by PCR. For more detailed information on
cell lines or reagents, see supplemental tables.
Generation of TNF-deficient murine TCs
Murine TC lines B16F1-LacZ and LLC-LacZ were transfected with
single guide RNAs (sgRNAs; Table S4) and recombinant Cas9
using the Neon electroporation device (Thermo Fisher Scientific) according to manufacturer’s instructions. For detailed
settings, see Table S5. Cells were subsequently plated in fresh
culture medium. After 3 d, single-cell suspensions were seeded.
Single-cell clones and the polyclonal pool were analyzed by PCRbased genotyping. In brief, genomic DNA was isolated using
GeneJET Genomic DNA isolation kit (Thermo Fisher Scientific),
and exon 5 was PCR amplified. PCR amplicons were excised, gel
extracted using GeneJET Gel Extraction Kit (Thermo Fisher
Scientific), and verified by Sanger sequencing.
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ADAM17 in regulating a TNFR1-to-TNFR2 balance might be involved in atherosclerosis (Nicolaou et al., 2017) and liver fibrosis
(Sundaram et al., 2019).
There is compelling evidence that expression of ADAM17 on
TCs provides protumorigenic signals, e.g., by the release of
EGFR ligands (Murphy, 2008). We recently demonstrated that
ADAM17 activity on tumor-associated macrophages is needed to
promote intestinal tumorigenesis via IL-6 transsignaling (Schmidt
et al., 2018). Furthermore, diagnostic or therapeutic manipulation
of primary tumors by fine-needle biopsy, tumor irradiation, or
tumor surgery were associated with an increase in CTCs and with
an increased risk of metastasis (Martin et al., 2017). This might be,
at least in part, a result of the induction of a local inflammatory
response with increased release of inflammatory cytokines, likely
involving the proteolytic activity of ADAM17. Inhibition of
ADAM17 as adjuvant therapy in patients with advanced-stage
cancer might therefore lower the risk of metastasis. We indeed
observed that ADAM17 is strongly expressed on ECs in lungs of
patients suffering from pulmonary metastatic spread of different solid tumors, suggesting that activation of endothelial
ADAM17 is a general phenomenon during metastasis (Fig. S1 C).
Using recombinant inhibitory ADAM17 PD, we present here
a novel therapeutic concept to prevent metastatic seeding.
ADAM17 PD shares almost no homology with other PDs of the
ADAM or matrix metalloproteinase family, making it a suitable
candidate for specific ADAM17 inhibition (Wong et al., 2016).
While many antitumor agents suppress growth of the primary
tumor, they enhance metastatic seeding. Inhibition of ADAM17
with the highly specific ADAM17 PD might therefore be superior
to previous treatment regimen, as it inhibits both growth of the
primary tumor (Schmidt et al., 2018) and metastatic seeding.
Future development of recombinant ADAM17 PD for the treatment of advanced-stage cancer is therefore highly warranted.
Taken together, we identified the transmembrane metalloprotease
ADAM17 as a novel key player of cellular necroptosis and as a
promising target for the prevention of tumor metastasis.

Isolation of primary murine lung ECs
Tamoxifen-injected Cdh5-CreERT2::ADAM17flox/flox or control
mice were sacrificed, and lungs were first manually cut into
small pieces and further subjected to digestion by collagenase
type II (STEMCELL Technologies) for 30 min at 37°C in a shaking
water bath. After 15 min and at the end of the digestion, tissue
was passed through a 21G syringe. The digestion was stopped
Journal of Experimental Medicine
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Figure 8. Proteolytic processing of TNFR1 by ADAM17 and γ-secretase enables cell death induction. (A) Amino acid sequence around the ADAM17
cleavage site in human and murine TNFR1. Substitution of the P1’ valine to proline in the cleavage-resistant TNFR1 V202P variant is indicated in red.
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with DMEM plus 10% FCS, and cells were further filtered
through cell strainers (100 μm, 70 μm, 40 μm). The resulting cell
suspension was centrifuged (500 g, 5 min, 4°C) twice. The pellets were combined and washed in PBS. Cells were treated with
Fc-block in MACS buffer (0.5% BSA, 2 mM EDTA in PBS without
Ca2+) and further stained with anti-CD31-FITC, anti-CD45-PE,
and anti-Terr119-PE for 30 min, shaking at room temperature
(for detailed antibody usage see Table S2). Depletion of PE+ cells
was performed with anti-PE magnetic beads and LD columns
according to the manufacturer’s instructions. Subsequently, the
PE-depleted suspension was subjected to positive selection of
FITC+ cells with anti-FITC magnetic beads and LS columns (see
Table S1 for further details). The PE+, PE-FITC double-negative,
and FITC+ fractions were collected, and purity was determined
by flow cytometry on a FACSCanto II system. Samples were
lysed in radioimmunoprecipitation assay buffer and boiled for
5 min with 5× Laemmli buffer. SDS-PAGE and immunoblot
analysis followed as described above.
Animal models
RIPK3−/− mice were originally obtained from Genentech
(Newton et al., 2004). Hypomorphic ADAM17 (ADAM17ex/ex;
Chalaris et al., 2010; Schmidt et al., 2018) and TNFR1−/− mice
(Pfeffer et al., 1993) have been described previously. LysM-Cre::
ADAM17flox/flox (ADAM17ΔMC) and Cdh5-CreERT2::ADAM17
flox/flox
(ADAM17iΔEC) mice were homozygous for the floxed
ADAM17 allele (Horiuchi et al., 2007) and heterozygous for the
Cre recombinase under the control of the lysozyme M (Clausen
et al., 1999) and the tamoxifen-inducible cadherin 5 promoter
(Sörensen et al., 2009), respectively. Cdh5-CreERT2::
ADAM17flox/flox mice were injected i.p. with 25 mg/kg body
weight (BW) 4-OH-tamoxifen (Sigma-Aldrich) in EtOH/oil, for
4 d consecutively to induce recombination of the floxed
ADAM17 exon 2. Control mice received the same amount of
injections with EtOH/oil only. All mice were bred on a C57BL/6
background and housed under controlled conditions (specific
pathogen free, 22°C, 12-h day–night cycle) and fed standard
laboratory chow ad libitum. Animal experiments were conducted according to national and European animal regulations
Bolik et al.
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and have been approved by Department of Consumer Protection
and Veterinary Affairs at the Ministry of Energy, Agriculture,
the Environment, Nature and Digitalization of the Schleswig
Holstein State Government (V242-74639/2016 [75-6/15], V24365407/2015 [75-6/11], V242-70603/2017 [53-5/16]).
Human living donor samples
Tissue specimen of human pulmonary metastases and adjacent peritumoral tissue derived from either primary colorectal or renal cell carcinoma were supplied by the Kiel
Biomaterial Bank of the Comprehensive Cancer Center, University Medical Center Schleswig-Holstein. Informed written
consent was obtained from the patients, and the sample collection and analyses in this study were approved by the ethics
committee of the Medical Faculty of Kiel University (Ref. No.
110/99).
Metastasis model
5 × 105 LLC or B16F1 cells in 250 μl sterile PBS (#D8537; SigmaAldrich) were injected i.v. into the lateral tail vein. For inhibitory experiments, TAPI-1 or ADAM17 PD were injected i.v. 5 min
before TC injection. ADAM17 PD and TAPI-1 were injected at a
concentration of 1 mg/kg BW and 12 mg/kg BW, respectively. To
assess endothelial permeability, mice were injected with 200 μl
2.5 mg/ml FITC-labeled 40-kD dextran (#FD40S; Sigma-Aldrich)
10 min before sacrificing.
For the identification of necroptotic ECs, EthDIII (#B-40050;
Biotium/Hölzel Diagnostika) was injected i.v. at a concentration
of 300 μM (in 50 μl PBS) 5 min before sacrificing the mice.
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(B) TNFR1−/− mEFs were retrovirally reconstituted with the indicated FLAG-hTNFR1 variants, and expression was verified by SDS-PAGE and immunoblotting
using the indicated antibodies. (C) Cell surface levels of the indicated FLAG-hTNFR1 variants stably expressed in TNFR1−/− mEFs were determined by flow
cytometry using anti-TNFR1 antibodies; ctrl (control) indicates unstained cells. (D) TNFR1−/− mEFs reconstituted with the indicated TNFR1 variants or
ADAM17ex/ex mEFs were incubated with 100 μM zVAD 15 min before stimulation with 50 ng/ml TNF. Cells with impaired membrane integrity were detected by
EthDIII uptake after 4 h. Shown are representative images and the quantification of three independent experiments with three replicates and three to four
images per replicate analyzed. Scale bar indicates 50 μm. *, P < 0.05; ***, P < 0.001 by generalized estimating equation model. (E) TNFR1−/− mEFs reconstituted with the indicated TNFR1 variants were incubated with 100 μM zVAD or mock-treated 15 min before stimulation with 50 ng/ml TNF for 2 h. Cells were
subsequently lysed, and lysates were analyzed by SDS-PAGE and immunoblotting using the indicated antibodies. One representative immunoblot and the
quantification of five independent experiments are shown. *, P < 0.05 by generalized estimating equation model. (F) WT or ADAM17ex/ex mEFs were incubated
with 100 μM zVAD 15 min before stimulation with 1 μg/ml TNF for the indicated time points and subsequently lysed. FADD was isolated by immunoprecipitation, and coassociated proteins were identified by SDS-PAGE and immunoblotting using the indicated antibodies. One representative immunoblot and the
quantification of three independent experiments are shown. Asterisk indicates Ig light chains. **, P < 0.01 by generalized estimation equation model. (G) TNFR1
ectodomain shedding by ADAM17 might be followed by intramembrane proteolysis mediated by the PSEN-containing γ-secretase complex, which would result
in the liberation of a C-terminal TNFR1 fragment. (H) mEFs with the indicated genotype were incubated with 100 μM zVAD 15 min before stimulation with
50 ng/ml TNF. Cells with impaired membrane integrity were detected by EthDIII uptake after 4 h. Shown are representative images and the quantification of
three independent experiments with three technical replicates per experiment and three to four images per replicate analyzed. **, P < 0.01; unpaired twotailed Student’s t test. Data represent mean ± SEM. assoc. associated; cl. casp.8, cleaved caspase 8; IP, immunoprecipitation; rel., relative; stim., stimulated;
TM, transmembrane; VP, V202P.

Immunohistochemistry and immunofluorescence
Tissue specimens of human pulmonary metastases and adjacent
peritumoral tissue derived from either primary colorectal or
renal cell carcinoma were obtained from patients’ fresh, unfixed
surgical resectates; split by pathologists into tumor tissue and
peritumoral nonmalignant tissue; and snap frozen in liquid N2
and stored at the biobank at −80°C.
Murine tissue specimens were snap frozen in optimal cutting
temperature (OCT) Tissue-Tek compound (Plano GmbH) and cut
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into 8-μm-thick sections. Frozen human tissue specimens
were embedded in OCT Tissue-Tek compound and cut into
8-μm-thick sections. Sections were fixed in acetone:methanol
(1:1 vol/vol) for 2 min and subjected to immunofluorescent
Bolik et al.
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Figure 9. Pharmacological inhibition of ADAM17
prevents metastasis to the lung. (A) Schematic of
ADAM17 PD–mediated inhibition of ADAM17. (B) Experimental outline as performed in C–E. WT animals
were i.v. injected with 12 mg/kg BW TAPI-1 or 1 mg/kg
BW ADAM17 PD 10 min before i.v. injection with 5 ×
105 parental LLC or B16F1 TCs (E) or LacZ-expressing
LLC TCs (C and D). 6 h later, EthDIII was i.v. injected
10 min before sacrificing (C); extravasated TCs were
quantified by β-Gal staining (D); and 21 d after injection, lung metastases were determined (E). (C) Confocal images of lung sections 6 h after TC injection,
stained for the indicated markers. Scale bar indicates
100 μm. n = 6–7 mice/group (PBS), n = 3 mice/group
(TAPI), and n = 8 mice/group (ADAM17 PD). *, P <
0.05; ***, P < 0.001; one-way ANOVA on ranks with
Dunn’s post hoc test. (D) Representative microscopic
images 6 h after TC injection. Scale bar indicates 50
μm. n = 6–7 mice/group (PBS), n = 3 mice/group
(TAPI), and n = 8 mice/group (ADAM17 PD). **, P <
0.01; ***, P < 0.001; one-way ANOVA on ranks with
Dunn’s post hoc test. (E) Lung images 21 d after TC
injection are shown. Scale bar indicates 5 mm. n = 3–5
mice/group. ***, P < 0.001; unpaired two-tailed Student’s t test. Data are mean ± SEM. p.i., postinjection.

staining according to standard procedures. Antibody specifications are listed in Table S2. LacZ-expressing cells were
identified in frozen tissue sections by β-Gal enzymatic
assay.
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Flow cytometry
Murine LLC-LacZ and B16F1-LacZ cells were stimulated with 100
nM PMA, 1.3 μM ionomycin, and 10 μM brefeldin A for 4 h at
37°C. Subsequently, cells were trypsinized and fixed in 3.7%
paraformaldehyde for 10 min at 37°C. Washed cells were
permeabilized in 90% methanol on ice for 30 min and after
washing, stained with a-TNF-α-APC (#17-7321-81, clone MP6XT22, 1:80; eBioscience) or isotype control for 1 h at room
temperature in the dark.
Human MDA-MB231 cells were detached with citrate buffer
(135 mM KCl, 15 mM sodium citrate), washed in PBS, and
blocked with 10% FCS in 1% BSA in PBS for 10 min on ice.
Subsequently, membrane-bound TNF-α was stained with primary antibody a-TNF-α (1:16; R&D Systems) for 1 h on ice and
with secondary anti-goat-AF488 (A11055, 1:200; Life Technologies) for 30 min on ice in the dark. All samples were acquired in
1% BSA in PBS on a FACSCanto II system and analyzed with
FlowJo version 10.06 software.
mRNA isolation and quantitative RT-PCR
Activation of NF-κB–dependent genes upon TNF stimulation in
ADAM17ex/ex mEFs and control mEFs was analyzed in 5 × 105
cells per condition. For mRNA isolation and quantitative PCR,
16 h after seeding, cells were stimulated with 200 ng/ml TNF
in DMEM without serum for the indicated time points. Cells
were subsequently washed in PBS, and RNA was isolated with
the NucleoSpin RNA Kit according to the manufacturer’s
Bolik et al.
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instructions. 1 μg of RNA was used for cDNA synthesis using
oligo-(dT)18 primers and RevertAid Reverse Transcription Kit
(#EP0441; Thermo Fisher Scientific) according to the manufacturer’s instructions. Data of the quantitative PCR were acquired on a Roche LightCycler 480 using Roche Universal
Probes.
β-Gal staining and analysis
Lung tissue was snap frozen in OCT Tissue-Tek compound and
cut into 8-μm-thick sections. Sections were fixed in 0.2% glutaraldehyde for 10 min at 4°C. Slides were then washed three
times in LacZ washing buffer (PBS, 2 mM MgCl2, 0.01% sodium
deoxycholate, 0.02% NP-40) at room temperature. Subsequently, sections were circled with a PAP pen (DAKO) and incubated at 37°C overnight with staining solution (5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 0.5 mg/ml X-Gal in LacZ washing
buffer) in a humidified chamber. The next day, slides were
washed for 5 min in PBS and double-distilled H2O, respectively.
Sections were counterstained with Nuclear Fast Red (SigmaAldrich) according to manufacturer’s instructions and mounted
with Histokitt II (Carl Roth). Tissue sections were imaged with a
Hamamatsu NanoZoomer digital slide scanner, and β-Gal+ cells
on the complete section were quantified using ImageJ.
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Figure 10. Model of ADAM17-mediated TNFR1-dependent EC death during TC extravasation. (A) Interaction of TCs with ECs induces endothelial TNF
secretion. Soluble TNF (sTNF) might also be provided by inflammatory cells, such as T cells. Engagement of TNFR1 is followed by ADAM17-mediated ectodomain cleavage. The TNFR1 membrane stub is further subjected to intramembrane proteolysis PSEN1/2. Proteolytic processing of TNFR1 enables dissociation
of TNFR1 complex I, assembly of complex II or the necrosome, and induction of EC death. (B) In the absence of endothelial ADAM17 or if ADAM17 enzymatic
activity is inhibited, TNFR1 signaling is restricted to complex I formation and prosurvival signaling via canonical NF-κB activation. Furthermore, accumulation of
transmembrane TNF (tmTNF) enhances TNFR2 signaling and activation of noncanonical NF-κB signaling. Consequently, ECs are protected from TNF-induced
cell death.

TNFR1 complex II isolation
For TNFR1 complex II isolation, 107 control or ADAM17ex/ex mEFs
were starved overnight and stimulated the next day with 20 μM
Journal of Experimental Medicine
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Immunoblotting
Where indicated, cells were starved overnight in DMEM without
serum before stimulation with 200 ng/ml TNF for the indicated
time periods. Samples were lysed in radioimmunoprecipitation
buffer (50 mM Hepes, pH 7.4, 150 mM NaCl, 1 mM EDTA, 2 mM
EGTA, 0.5% NP-40) supplied with 50 mM NaF and protease and
phosphatase inhibitors. Proteins were separated by electrophoresis on 10% SDS gels and transferred to polyvinylidenfluoride
membranes. Membranes were incubated with primary antibodies overnight at 4°C and with horseradish peroxidase–
conjugated secondary antibodies at room temperature for
30 min. An enhanced chemiluminescence substrate kit (Thermo
Fisher Scientific) was used for detection.
ELISA
Mouse TNFR1 (#DY425), human TNFR1 (#DY225), mouse TNF
(#DY410), and human TNF (#DY210) (R&D Systems) ELISAs
were performed according to the manufacturer’s instructions.
Transmigration assays
HUVECs or HMVEC-L were cultured for 2 d and subsequently
seeded at 5 × 104 into collagen I–coated 24-well inserts with a
pore diameter of 8 μm (Sarstedt). On the next day, ECs were
transfected twice with 2 pmol siRNA (Table S3) using Lipofectamine RNAiMAX (Thermo Fisher Scientific) on 2 consecutive days. For the transendothelial migration experiments, 5 ×
103 MDA-MB231 cells were stained with 8 μM CFSE and seeded
on top of the ECs. Transmigrated cells that passed the membrane
were imaged 6 h later on a Leica DMi8 inverted fluorescent
microscope and quantified using ImageJ.
In vitro cell death assays
To assess cell death in vitro, 104 HUVECs were seeded in collagen
I–coated lumox 96-well plates (Sarstedt). Subsequently, cells
were transfected twice with 2 pmol siRNA/well (Table S2) using
Bolik et al.
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Lipofectamine RNAiMAX (Thermo Fisher Scientific) on 2 consecutive days. For coculture experiments, 1.5 × 103 MDA-MB231
cells were stained with 8 μM CFSE (Thermo Fisher Scientific)
and seeded on top of the ECs in endothelial growth medium. To
trigger cell death independent of TCs, ECs or mEFs were treated
with 100 µM zVAD-fmk (#N-1510; Bachem) either alone or together with 5 μM TPCA-1 (#Cay-15115; Biomol/Cayman Chemical) 10 min before TNF (50 ng/ml; ImmunoTools) stimulation.
After incubation for 6 h, the cells were stained with 2 μM
Hoechst 33342 (Sigma-Aldrich) and 1.6 μM EthDIII (Biotium/
Hölzel Diagnostika) and subsequently imaged on an Olympus
Fluoview 1000 confocal laser scanning microscope equipped
with an incubation chamber at 37°C, 5% CO2 and 55% humidity.
EthDIII+ ECs were quantified with ImageJ and expressed as a
percentage of all ECs.
Protease activity assay
Inhibitory effect of ADAM17 PD on ADAM17 activity was determined by a peptide-based activity assay. 50 nM recombinant
human ADAM17 catalytic domain was mixed with increasing
concentrations of either TAPI-1 (#BML-PI134; Enzo Life Sciences) or recombinant ADAM17 PD. After incubation for 10 min
at 37°C, 5 μM PEPDAB014 (BioZyme) ADAM17 substrate peptide
was added. Alternatively, cells were washed once with PBS and
incubated for 30 min with the indicated inhibitors at 37°C and
5% CO2 before the addition of the indicated stimuli and 5 μM
PEPDAB014 substrate peptide. Subsequently, the change in fluorescence intensity was recorded every 30 s for 18 min. The
initial linear slope was determined by linear regression and
plotted against the inhibitor concentrations. IC50 values were
calculated by four-parameter nonlinear curve fitting using
GraphPad Prism software.
Data analysis and statistics
Data were checked for consistency and normality by using
normal probability plots and Kolmogorov–Smirnov tests. Independent Student’s t test with and without the assumption of
variance homogeneity were used, and Levene’s test was used to
test for variance homogeneity. Bootstrap t tests with and without assumption of variance homogeneity based on 5,000 Monte
Carlo simulations were also used. In case of log-normal or
γ-distributed data, semiparametric generalized linear models
based on log-normal and γ-distributions were used. Mann–
Whitney U test was used to compare two independent groups
nonparametrically. ANOVA and Welch’s ANOVA were used to
test for fixed factors, and a random-effects model was also used.
Generalized estimating equation models with various distributions (normal, log-normal, γ, and Tweedie) were used for
continuously distributed variables, and corresponding least
significant difference tests were used for pairwise comparisons.
The robust estimator for the covariance matrix was used.
When using linear regression analysis, the initial linear slope
was determined by and plotted against the inhibitor concentrations. IC50 values were calculated by four-parameter nonlinear
curve fitting. All reported tests were two sided, and two-sided P <
0.05 was considered statistically significant. All statistical analyses
in this article were performed by use of NCSS 10 software (NCSS,
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zVAD and 1 μg/ml TNF for the indicated time periods. zVAD was
administered 15 min before TNF. Stimulation was stopped by
removal of medium. Cells were lysed in coimmunoprecipitation
buffer (50 mM Hepes, 150 mM HCl, 1 mM EDTA, 2 mM EGTA,
10% glycerol, 0.5% NP-40, 2 mM KCl) supplemented with protease and phosphatase inhibitors (#11836170001, #4906837001;
Roche). Removed medium with stimulus was centrifuged
(1,400 rpm for 3 min), and pellets of dying cells were combined
with cell lysates. Lysates were cleared by centrifugation and
concentrations adjusted. For immunoprecipitation, protein G
agarose (#16-266; Millipore) was washed in HNGT buffer
(20 mM Hepes, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100)
and incubated with a-FADD antibody (1.4 μg/time point, G-4,
#sc-271748; Santa Cruz Biotechnology) for 2 h rolling at room
temperature. Prepared beads were subsequently incubated
with 1–2 mg of protein lysate, rolling overnight at 4°C. The
next day, beads were washed with HNGT buffer supplemented with protease and phosphatase inhibitors and heated
to 60°C for 30 min with 2× reducing Laemmli buffer. Immunoprecipitates and untreated lysates were analyzed by
SDS-PAGE and immunoblotting as described above.
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LLC), Statistica 13 (Hill and Lewicki, 2006), SPSS version 27 for
Windows (IBM Corporation), RStudio (RStudio Team, 2020),
Mathematica version 12 (Wolfram Research), and GraphPad Prism
8.0.0 for Windows (GraphPad Software). In case of experimental
reproduction and replication, details of statistical analyses for the
computation of an a priori power analysis are given as means,
sample sizes, and SEs.
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Vanamee, É.S., and D.L. Faustman. 2020. On the TRAIL of better therapies:
understanding TNFRSF structure-function. Cells. 9:E764. https://doi
.org/10.3390/cells9030764
Wolf, M.J., A. Hoos, J. Bauer, S. Boettcher, M. Knust, A. Weber, N. Simonavicius, C. Schneider, M. Lang, M. Stürzl, et al. 2012. Endothelial CCR2

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201039

Downloaded from http://rupress.org/jem/article-pdf/219/1/e20201039/1426991/jem_20201039.pdf by Ucl Library Services user on 05 January 2022

The enhanced susceptibility of ADAM-17 hypomorphic mice to DSSinduced colitis is not ameliorated by loss of RIPK3, revealing an unexpected function of ADAM-17 in necroptosis. Oncotarget. 9:12941–12958.
https://doi.org/10.18632/oncotarget.24410
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Figure S1. Host ADAM17 promotes metastasis. (A) Immunoblot analysis of whole-lung tissue lysate from WT and ADAM17ex/ex mice. (B) Immunoblot
analysis of whole-cell lysate of the indicated cell lines. NIH3T3 served as control for ADAM17 expression and was not used in the in vivo studies. (C) Confocal
images of human lung metastases sections stained for the indicated markers. Scale bar indicates 25 μm. (D) Bone marrow–derived macrophages (BMDMs) and
bone marrow–derived neutrophils (BMDNs) from WT and ADAM17ex/ex mice were incubated with supernatant from cultured LLC cells, and secretion of TNF
was determined by ELISA. n = 3 mice/group. *, P < 0.05 by unpaired two-tailed Mann–Whitney U test. (E) Expression of ADAM17 (red outline) in different cell
types of LysM-Cre::ADAM17flox/flox (ADAM17ΔMC) mice with the indicated genotype and treatment. (F) BMDMs from ADAM17ΔMC mice were stimulated with
1 μg/ml LPS, and TNF secretion was assessed by ELISA. n = 3 mice/group. **, P < 0.01 by unpaired two-tailed Mann–Whitney U test. (G) Experimental outline
as performed in H and I. (H and I) WT and ADAM17ΔMC mice were i.v. injected with 5 × 105 LLC or B16F1 TCs. After 21 d, lung metastases were counted.
Representative lung images are shown. Scale bars indicate 5 mm. Shown are the results of one representative out of three independent experiments. n = 3
mice/group (H), n = 3 (control), and n = 4 (ADAM17ΔMC; mice/group (I); unpaired two-tailed Mann–Whitney U test. Data represent mean ± SEM. ca, carcinoma;
nd, not detectable; p.i., postinjection.

Bolik et al.
ADAM17 metastasis

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201039

S2

Downloaded from http://rupress.org/jem/article-pdf/219/1/e20201039/1426991/jem_20201039.pdf by Ucl Library Services user on 05 January 2022

Figure S2. Genetic deficiency of ADAM17 and TNFR1 in human and murine ECs. (A) Immunoblot analysis of HUVECs with siRNA-mediated suppression of
ADAM17 or TNFR1, respectively. (B) Immunoblot analysis of MLECs with siRNA-mediated suppression of ADAM17. (C) Strategy for MACS-based isolation of
murine lung ECs. (D) Representative FACS plots after different purification steps during murine lung EC isolation. (E) ADAM17 expression of the indicated cell
populations was assessed by immunoblot analysis and indicates specific ADAM17 deficiency in lung ECs in tamoxifen (TAM)-treated Cdh5-CreERT2::
ADAM17flox/flox mice. Ctrl, control; SSC-A, side scatter area; FSC-A, forward scatter area; FSC-H, forward scatter height.
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Figure S3. CRISPR/Cas9-mediated generation of TNF-deficient murine TCs. (A) Targeting and genotyping strategy. Exon 1 of murine Tnf is shown. Arrows
below indicate targeting area of sgRNAs. Combination of cleavage events can result in the deletion of a 110-bp fragment. Arrows above indicate PCR primers
resulting in a 500-bp PCR product of unmodified Tnf. (B) PCR-based genotyping of pool of targeted murine TCs indicates 88% (LLC-LacZ) and 87% (B16F1-LacZ)
insertion/deletion (indel) formation. (C) PCR-based genotyping of single-cell clones used in this study demonstrates deletion of a 110-bp fragment within Tnf.
(D) Sanger sequencing of Tnf exon 1 confirms 110-bp deletion, resulting in amino acid deletion, a frameshift, and the appearance of a premature stop codon
after a total of 24 amino acids in targeted TCs. (E) TNF-deficient LacZ-expressing B16F1 TCs were labeled with CSFE and cocultured on murine MLECs. Cells
with impaired membrane integrity were determined after 6 h by EthDIII uptake. Shown are representative images of three to four independent experiments
with three technical replicates and three to four images per replicate. Scale bar indicates 50 μm; unpaired one-tailed Mann–Whitney U test. Data represent
mean ± SEM. fw, forward.
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Figure S4. TNFR1 ectodomain is released via ADAM17-mediated proteolysis. (A and B) The indicated TCs were mock treated or stimulated with 500 nM
PMA, and soluble TNF (sTNF)-α in the supernatant was determined by ELISA. Shown is the quantification of three independent experiments. Unpaired onetailed Mann–Whitney U test. (C) WT and ADAM17ex/ex mEFs were transfected with an NF-κB luciferase reporter plasmid, stimulated with 200 ng/ml TNF-α for
the indicated time points, and luciferase activity was determined according to standard procedures. *, P < 0.05 by one-way ANOVA on ranks with Bonferroni’s
post hoc test. (D) HUVECs with indicated siRNA-mediated knockdown were cocultured with CFSE-labeled MDA-MB231 TCs in the absence or presence of 250
nM TAPI-1. Cells with impaired membrane integrity were determined after 6 h by EthDIII uptake. Shown are representative images of three independent
experiments with three technical replicates per experiment and three to four images per replicate analyzed. Scale bar indicates 50 µm. *, P < 0.05; **, P < 0.01;
***, P < 0.001 by one-way ANOVA on ranks with Dunn’s post hoc test. (E) HUVECs with indicated siRNA-mediated knockdown were cocultured with MDAMB231 cells, and sTNFR1 in the supernatant was determined by ELISA. The quantification of three independent experiments is shown. *, P < 0.05 by unpaired
two-tailed Student’s t test. (F) WT or ADAM17ex/ex mEFs were stimulated for the indicated time points with 100 μM zVAD and 50 ng/ml TNF-α. Release of
sTNFR1 was assessed by ELISA. The quantification of three independent experiments is shown. *, P < 0.05 by one-way ANOVA on ranks with Bonferroni’s post
hoc test. (G) LacZ-expressing LLC TCs were i.v. injected into the indicated mouse strains. 6 h later, mice were sacrificed, and plasma levels of sTNFR1 were
determined by ELISA. n = 3–5 mice/group; unpaired two-tailed Mann–Whitney U test. (H) WT and ADAM17ex/ex mEFs were stimulated with zVAD/TNF-α for
the indicated time points and subjected to cell lysis. TNFR1 was isolated by immunoprecipitation (IP) and subsequently analyzed by SDS-PAGE and immunoblotting using the indicated antibodies. (I) TNFR1-EYFP was overexpressed in parental (WT) or ADAM17-deficient HEK293T cells (A17−/−), and TNFR1
proteolysis was assessed by SDS-PAGE and immunoblotting using the indicated antibodies. Shown is one representative blot and the quantification of the
C-terminal fragment (CTF) formation of three independent experiments. *, P < 0.05 by unpaired two-tailed Mann–Whitney U test. (J) WT HEK293T cells or
HEK293T cells with CRISPR/Cas9-mediated ADAM17−/− were transfected with the indicated TNFR1 variants, and the generation of sTNFR1 was determined by
ELISA. ***, P < 0.001 by one-way ANOVA with Tukey’s post hoc test. Data represent mean ± SEM. C/Ctrl, control; C-term., C-terminus; FL, full length; ICD,
intracellular domain.
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Figure S5. IC50 of TAPI-1 and ADAM17 PD were analyzed using recombinant catalytic domain of ADAM17 and a quenched fluorogenic TGF-α–based
substrate peptide. (A–D) The relative velocity determined by linear regression and IC50 values calculated using four-parameter logistic curve fitting. One
representative experiment (A and B) and the quantification of three independent experiments are shown. (E) WT animals were i.v. injected with 1 mg/kg BW
ADAM17 PD 10 min before i.v. injection with 5 × 105 B16F1 TCs, and 21 d after injection, liver and kidney metastases were determined. Liver and kidney images
21 d after TC injection are shown. Scale bars indicate 5 mm. n = 4–5 mice/group. *, P < 0.05 by unpaired two-tailed Student’s t test. Data represent mean ±
SEM. p.i., postinjection; rel., relative.

Provided online are five tables as separate Word files. Table S1 lists the reagents and resources used in this study. Table S2 lists the
antibodies for immunoblotting, immunofluorescence, FACS, and immunoprecipitation used in this study. Table S3 lists siRNAs used
in this study. Table S4 lists sgRNAs used in this study. Table S5 lists pulse settings during Neon electroporation.
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