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Activation of cell-surface proteases promotes necroptosis,
inflammation and cell migration
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Necroptosis is a programmed, caspase-independent cell death that is morphologically similar to necrosis. TNF-in-
duced necroptosis is mediated by receptor-interacting protein kinases, RIP1 and RIP3, and the mixed lineage kinase
domain-like (MLKL). After being phosphorylated by RIP3, MLKL is translocated to the plasma membrane and
mediates necroptosis. However, the execution of necroptosis and its role in inflammation and other cellular respons-
es remain largely elusive. In this study, we report that MLKL-mediated activation of cell-surface proteases of the
a disintegrin and metalloprotease (ADAM) family promotes necroptosis, inflammation and cell migration. ADAMs
are specifically activated at the early stage of necroptosis when MLKL is phosphorylated and translocated to the cell
plasma membrane. Activation of ADAMs induces ectodomain shedding of diverse cell-surface proteins including ad-
hesion molecules, receptors, growth factors and cytokines. Importantly, the shedding of cell-surface proteins disrupts
cell adhesion and accelerates necroptosis, while the soluble fragments of the cleaved proteins trigger the inflammato-
ry responses. We also demonstrate that the shedding of E-cadherin ectodomain from necroptotic cells promotes cell
migration. Thus, our study provides a novel mechanism of necroptosis-induced inflammation and new insights into

the physiological and pathological functions of this unique form of cell death.
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Introduction

Necroptosis is a programmed form of necrosis, char-
acterized by the rounding of the cell, gaining in cell
volume, rupture of plasma membrane and release of
intracellular contents [1, 2]. Distinct from apoptosis,
which is executed by proteases of the caspase family,
necroptosis is thought to be a form of protease-inde-
pendent cell death. Recently, our understanding of the
molecular mechanism of necroptosis has been greatly
improved through the study of TNF-induced necroptosis.
It is now known that receptor-interacting protein kinases
RIPK1 (or RIP1) and RIPK3 (or RIP3), and the mixed
lineage kinase domain-like (MLKL) constitute the core
of the necroptosis machinery [3-9]. RIP1 recruits RIP3 to
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initiates the formation of necrosome and activates RIP3
through phosphorylation upon necroptotic stimuli [3, §,
9]. Subsequently, activated RIP3 recruits and phosphor-
ylates MLKL [4, 5]. The phosphorylated MLKL in turn
oligomerizes and translocates to the plasma membrane
[10-13]. The plasma membrane translocation of MLKL
is essential for increasing plasma membrane permea-
bility. It has been suggested that MLKL mediates the
disruption of plasma membrane permeability either by
activating ion channels or forming pore structures direct-
ly in the plasma membrane [10-13]. In the former case,
MLKL affects cell function and membrane permeabil-
ity by association with specific ion channel target [10,
11]. In the latter case, MLKL binds to certain plasma
membrane lipids and disrupts liposome integrity in vitro
[12, 13]. Although MLKL is thought to be an execution
effector in the necroptosis pathway, the implementation
of necroptosis and its role in inflammation and other
cellular responses remain largely elusive. Particularly,
the involvement of proteases in necroptosis has been ne-
glected since it is believed that protease activation is not



a part of the necroptotic process. In this study, we report
that MLKL-mediated activation of cell-surface proteases
of the a disintegrin and metalloprotease (ADAM) family
promotes necroptosis, inflammation and cell migration.

Results

Necroptotic stimuli induce the cleavage of E-cadherin on
cell surface

When cells undergo necroptosis, they round up, swell
and then lose plasma membrane integrity [1, 14]. We
noticed that adherent cells, such as human intestinal
epithelial HT29 cells, first lost cell-cell contact before
they rounded up during necroptosis induced by TNF,
Smac mimetic, and caspase inhibitor z-VAD-fmk (TSZ)
treatment (Figure 1A). Since E-cadherin is a major trans-
membrane protein of the adherence junction between
neighboring epithelial cells [15], we examined whether
E-cadherin expression is altered during necroptosis.
Surprisingly, we found that the full-length 120 kDa
E-cadherin protein was cleaved and yielded a 37-kDa
C-terminal fragment after 2 h TSZ treatment (Figure
1B), well before cell membrane integrity was disrupted
(Figure 1A). Because the 80 kDa ectodomain of E-cad-
herin was detected in the culture medium of TSZ-treated
cells, E-cadherin was likely cleaved extracellularly at the
cell surface (Figure 1C). The loss of E-cadherin from cell
surface during necroptosis was further confirmed by im-
munofluorescence staining (Supplementary information,
Figure S1A). In addition, E-cadherin cleavage was also
induced by other types of necroptotic stimulus including
Fas ligand or TRAIL combined with Smac mimetic and
z-VAD-fmk or TNF-o, cycloheximide, and z-VAD-fmk
(TCZ; Supplementary information, Figure S1B-S1D).
The cleavage of E-cadherin was specifically detected in
necroptotic cells after TSZ treatment but not in apoptotic
cells after TNF and Smac mimetic (TS) treatment (Fig-
ure 1D and Supplementary information, Figure S1E) or
staurosporine treatment (Supplementary information,
Figure S1F) or autophagic cells induced by rapamycin
treatment (Supplementary information, Figure S1G).
Both RIP1 and MLKL were required for E-cadherin
cleavage, because treating HT29 cells with necrostatin-1,
a RIP1 inhibitor [16] (Figure 1E) or knocking down
MLKL in HT29 cells blocked the cleavage of E-cadherin
(Figure 1F). Since RIP3 phosphorylates MLKL [4, 5],
we then examined whether RIP3-mediated phosphor-
ylation of MLKL induces the cleavage of E-cadherin.
We found that co-expression of MLKL and RIP3 spe-
cifically induced the loss of E-cadherin expression in
HEK293 cells, but did not affect the levels of GFP pro-
tein or the cell-surface calcium channel protein, ORAI-
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1-YFP [17] (Figure 1G). Importantly, when MLKL was
co-expressed with the kinase-dead RIP3 or when the two
main RIP3-phosphorylation sites of MLKL were mutated
(MLKL-T357A/S358A), the expression of E-cadherin
was no longer changed (Figure 1H). Collectively, these
data suggest that necroptotic stimulus induces the cleav-
age of E-cadherin from cell surface through a MLKL-de-
pendent mechanism.

Necroptotic stimuli induce a general ectodomain shed-
ding of cell-surface proteins at the early stage of necro-
ptosis

Since cadherins are a large family of cell-cell adhe-
sion molecules [18], we then examined whether other
proteins of this family are also cleaved in non-epithelial
cells upon necroptotic induction. Using a pan-cadherin
antibody recognizing the conserved C-terminal region
of all cadherins, we observed the cleavage of a cadher-
in protein, most likely N-cadherin [19, 20], in human
Jurkat™P"" cells and mouse embryonic fibroblasts
(MEFs; Figure 2A and 2B). Interestingly, we also found
that the levels of the plasma membrane protein ATIA/
vasorin [21] were significantly decreased in MEFs and
cadherin-negative L929 cells [22] following necroptotic
stimulation (Figure 2B and 2C). These results suggest
that the cleavage of plasma membrane proteins may be
a general phenomenon at the early stage of necroptosis
when cells are still intact. To explore this possibility, we
further analyzed the extent of protein shedding from cell
surface during necroptosis. We found that total protein
levels were dramatically increased in the medium of
TSZ-treated cells compared with that of non-treated cells
at 4 h before cell plasma membrane became permeable
(Figure 2D). Importantly, MLKL knockdown blocked the
increase of the protein levels in the medium of treated
cells (Figure 2D). Using mass spectrometry, we identi-
fied a variety of cell-surface proteins from the medium
of HT29 cells treated with TSZ for 4 h (Figure 2E). The
cleavage of some of these proteins including epithelial
cell adhesion molecule (EpCAM), basal cell adhesion
molecule (BCAM) and transferrin receptor (TfR) was
confirmed by western blotting (Figure 2F). Furthermore,
knockdown of MLKL prevented the cleavage of these
proteins (Figure 2F). Thus, our data reveal a general ect-
odomain shedding of cell-surface proteins at the early
stage of necroptosis.

Activation of ADAM metalloproteinases mediates shed-
ding of cell-surface proteins in necroptosis

We then tested whether protease inhibitors could
block the cleavage of E-cadherin in necroptosis. Addition
of GM6001, a broad spectrum matrix metalloproteinase
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Figure 1 Necroptotic stimulus induces the cleavage of E-cadherin on cell surface. (A) Time-lapse microscopic analysis of
cellular morphology (DIC, differential interference contrast) and Pl uptake (red, indicating plasma membrane permeability)
after induction of necroptosis by TSZ (TNF, Smac mimetic, z-VAD-fmk) in HT29 cells. (B) HT29 cells were treated with TSZ at
different time points as indicated. Cell lysates (B) or (C) conditioned medium was analyzed by immunoblotting with the indi-
cated antibodies. (D) HT29 cells were treated with TNF alone, Smac mimetic alone, z-VAD-fmk alone, TNF and Smac mimet-
ic (TS) or TNF, Smac mimetic and z-VAD-fmk (TSZ) for 4 h. Cell lysates were analyzed by immunoblotting with the indicated
antibodies. (E) HT29 cells were pre-treated with or without necrostatin-1 (Nec-1) and then treated with TSZ for 1, 2 and 4 h.
Cell lysates were analyzed by immunoblotting as indicated. (F) shRNA-control or shRNA-MLKL HT29 cells were treated with
TSZ for different time points. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (G) HEK293 cells
were transfected with GFP, ORAI-1-YFP, E-Cadherin-GFP, RIP3-V5 and MLKL-FLAG constructs as indicated. After 24 h, cell
lysates were analyzed by immunoblotting with the indicated antibodies. (H) HEK293 cells were transfected with E-Cadher-
in-GFP, RIP3-V5, RIP-kinase dead-V5 (RIP3-KD-V5), MLKL-FLAG and MLKL phospho-mutated (MLKL-T357A/S358A) con-
structs as indicated. After 24 h, cell lysates were analyzed by immunoblotting with the indicated antibodies. Data shown are

representative of three independent experiments.

(MMP) inhibitor, prevented TSZ-induced cleavage of
E-cadherin, while other protease inhibitors including a
cysteine protease inhibitor (Z-LL)2 ketone, a serine pro-
tease inhibitor 3,4-DCI, and a protease inhibitor cocktail
with a broad inhibition activities for multiple proteases
did not prevent E-cadherin from cleavage (Figure 3A).
Similarly, only MMP inhibitor GM6001 blocked TSZ-in-
duced degradation of ATIA/vasorin in MEFs (Supple-
mentary information, Figure 2A). Since E-cadherin of the
non-treated cells is not cleaved when the cells were incu-
bated with the medium of TSZ-treated cells (Supplemen-
tary information, Figure 2B), the cleavage of cell-surface
proteins was most likely due to the activation of cell-sur-
face proteases. Particularly, since it has been shown that
ADAMI10, a member of the plasma membrane-bound
ADAM metalloproteinase family, cleaves E-cadherin
[23], we then investigated whether ADAMs were respon-
sible for the cleavage of cell-surface proteins. Indeed,
both broad and specific ADAM inhibitors, including
TAPI-2, GI254023 and GW280264X, all significantly
inhibited the TSZ-induced cleavage of E-cadherin, Ep-
CAM, TfR and BCAM in HT29 cells (Figure 3B). In
MEFs or L929 cells, the degradation of ATIA and N-cad-
herin was also effectively blocked by the dual ADAMI10
and ADAMI17 inhibitor GW280264X (Supplementary
information, Figure S2C and S2D). We then tested if
the ADAMs are activated during necroptosis. Using a
quenched fluorogenic peptide that is a specific substrate
of ADAMs [24], we observed a significant increase of
the metalloprotease activity after TSZ treatment in both
HT29 cells and MEFs (Figure 3C and Supplementary
information, Figure S2E), while such activation was not
detected in MLKL knockdown or knockout cells (Figure
3D and Supplementary information, Figure S2F).
Among the 19 human ADAMSs, 12 are known to
be active metalloprotease [25]. We found that active
metalloproteases ADAM9, ADAM10, ADAMI15 and
ADAMI17 are expressed in HT29 cells (Supplementary
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information, Figure S3A) and knocked down each of
them (Supplementary information, Figure S3B). While
knockdown of ADAMI15 or ADAM17 had no effect
on the cleavage of cell-surface protein, knocking down
ADAMY9 or ADAMI10 partially prevented the cleavage of
E-cadherin and BCAM and had a minor protection on the
cleavage of EpCAM (Figure 3E). ADAMI10 knockdown
also blocked TSZ-induced cleavage of TfR (Figure 3E).
Importantly, knockdown of both ADAM9 and ADAMI10
by two different sets of non-overlapping shRNAs inhib-
ited the cleavage of cell-surface proteins more efficient-
ly (Figure 3F and Supplementary information, Figure
S3C). Therefore, ADAM9 and ADAMI0 are critical for
TSZ-induced cleavage of cell-surface proteins in HT29
cells. Similar results were also observed in human Jur-
kat™"™" cells (Supplementary information, Figure S3D).
In MEFs or L929 cells, we found that ADAMI10 and
ADAMI17 were critical for the cleavage of cell-surface
proteins since the double knockout of ADAM10/17 by
CRISPR-Cas9 technology efficiently inhibited TSZ-in-
duced cleavage (Figure 3G and Supplementary informa-
tion, Figure S3E and S3F). Collectively, our data indicate
that multiple ADAM metalloproteinases are activated to
mediate the shedding of cell-surface proteins in response
to necroptotic stimuli.

MLKL forms complex with ADAMs to mediate activation
of ADAM metalloproteases

Since phosphorylated MLKL locates to the plasma
membrane where functional ADAMs reside, we then ex-
amined whether MLKL is in the same complex with AD-
AMs following necroptosis induction. We first expressed
MLKL, RIP3 and ADAMI10 in HEK293 cells and ex-
amined the potential interaction between ADAM10 and
MLKL or RIP3 by immunoprecipitation with N-terminal
specific ADAMI10 antibody. We found that MLKL was
co-precipitated with ADAMI10 only in the presence of
RIP3, and however, no RIP3 was pulled down (Figure
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MEFs were treated with TSZ for 2, 4 and 6 h. Cell lysates were analyzed by immunoblotting as indicated. (C) L929 cells
were treated with TZ for 2, 4 and 6 h. Cell lysates were analyzed by immunoblotting as indicated. (D) Control-shRNA or
MLKL-shRNA HT29 cells were treated with TSZ for 4 h. Conditioned media were collected and analyzed by silver staining.
(E) List of cell-surface proteins identified by mass spectrometry in the conditioned medium from TSZ-treated HT29 cells. (F)
shRNA-control or shRNA-MLKL HT29 cells were treated with TSZ for 4 h. Cell lysates were analyzed by immunoblotting with
antibodies against EpCAM, BCAM, TfR, MLKL and actin. Data shown are representative of three independent experiments.

4A). Remarkably, when the kinase-dead RIP3 was co-ex-
pressed with MLKL, or when the two main RIP3-phos-
phorylation sites of MLKL were mutated, MLKL failed
to be pulled down by immunoprecipitating ADAM10,

suggesting RIP3-mediated phosphorylation of MLKL
is critical for the interaction of MLKL with ADAMI10
(Figure 4B). Importantly, the phosphorylated MLKL, not
RIP3, formed a complex with ADAMI10 under necro-
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Figure 3 Activation of ADAM metalloproteinases mediates shedding of cell-surface proteins in necroptosis. (A) HT29 cells
were treated with TSZ in the presence of different protinase inhibitors for the indicated time points. Cell lysates were analyzed
by immunoblotting as indicated. (B) HT29 cells were treated with TSZ in the presence of ADAM metalloproteinase inhibitors
TAPI-2 (10 uM), GI254023X (10 uM), GW280264X (10 uM), or DMSO control (0.1%) at different time points. Cell lysates
were analyzed by immunoblotting with the indicated antibodies. (C) Cell-associated metalloprotease activity measured in
HT29 cells treated with TSZ at indicated time points. (D) shRNA-Control or shRNA-MLKL HT29 cells were treated with TSZ
for 4 h and cell-associated metalloprotease activity was measured. Results shown are averages + SEM. from three indepen-
dent experiments. (E) HT29 cells expressing shRNA targeting ADAM9#1, 10#1, 15#1 and 17#1 were treated with TSZ for
4 h. Cell lysates were analyzed by immunoblotting with the indicated antibodies. (F) shRNA control, ADAM9#1, ADAM10#1
or ADAM9#1 and ADAM10#1 HT29 cells were treated with TSZ at different time points and the cell lysates were analyzed
by immunoblotting with the indicated antibodies. (G) CRISPR control, ADAM10#1, ADAM17#1 and ADAM10#1/17#1 dou-
ble-knockout MEF cells were treated with TSZ for 4 h. The cell lysates were analyzed by immunoblotting as indicated. Data
shown are representative of three independent experiments. **p < 0.01.
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used as negative control for ADAM10 antibody immunoblotting. Data shown are representative of three independent experi-
ments.
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ptotic (TSZ), but not apoptotic (TS), condition in HT29
cells (Figure 4C). Moreover, MLKL only complexed
with ADAMY in ADAM10 shRNA knockdown cells
(Figure 4D), suggesting a possible redundant function
of ADAM9 and ADAMI10 in mediating the cleavage of
cell-surface proteins [26]. Previous studies suggested that
the activation of ADAM10/17 is regulated by the con-
formational change from oligomer to monomer on cell
surface [27, 28]. We then performed a blue native PAGE
to determine the oligomeric status of ADAMI10 during
necroptosis. Interestingly, we found that TSZ treatment
decreased the abundance of ADAMI10 oligomers in
HT29 cells but not in MLKL knockdown cells (Figure
4E). Therefore, these data suggest that the phosphor-
ylated MLKL may mediate the activation of ADAMs
through forming a complex with ADAMs.

Activation of ADAM metalloproteases accelerates necro-
ptotic cell death and promotes inflammation
Importantly, knockdown of ADAM9 or ADAMI10
and particularly, ADAMY9 and ADAMI10 double knock-
down significantly protected cells from TSZ-, but not
TS-, induced cell death (Figure 5SA and Supplementary
information, Figure S4A). Moreover, the disruption
of cell-cell contact and cell attachment by the onset of
necroptosis was significantly slowed in ADAM9 and
ADAMI10 double knockdown cells compared with the
control cells (Figure 5B). Similar results were obtained
in ADAMI10 and ADAMI17 double knockout MEFs and
L929 cells (Supplementary information, Figure S4B and
S4C). In addition, the specific ADAM metalloproteinase
inhibitor GW280264X also significantly delayed cell
death in HT29 cells (Supplementary information, Figure
S4D and S4E). We previously found that calcium influx
is an early event of necroptosis [10]. However, calcium
depletion only protected cells from plasma membrane
permeabilization, but not from the loss of cell-cell con-
tact (Supplementary information, Figure S4D and S4E).
Furthermore, calcium depletion did not prevent TSZ-in-
duced cleavage of E-cadherin (Supplementary informa-
tion, Figure S4F). These data suggest that the activation
of ADAMs and calcium influx are two separate events
at the early stage of necroptosis. Interestingly, we found
that although the ADAM metalloprotease activity was
increased when HT29 cells or MEFs were cultured in
suspension, knockdown of ADAMs had limited effect on
TSZ-induced necroptosis (Supplementary information,
Figure S5A-S5C) and similarly, knockdown of ADAM9
and ADAMI0 in Jurkat™™ " cells did not protect against
TSZ-induced necroptosis either (Supplementary informa-
tion, Figure S5D). Moreover, we found that HT29 cells
tended to form aggregates when cultured at higher den-
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sity (5 x 10° cell/ml) and knockdown of ADAMY9/10 did
not affect necroptosis when these cells formed aggregates
(Supplementary information, Figure S5E), suggesting
that cell aggregation is different from cell adhesion and
does not affect the process of necroptosis. Collectively,
our data indicate that ADAM activation promotes necro-
ptosis specifically in adherent cells.

It is known that ADAM-mediated shedding of
cell-surface molecules promotes inflammation [29]. To
examine whether ADAM activation in necroptotic cells
plays a role in necroptosis-triggered inflammatory re-
sponses, we first tested the effect of cell culture medium
on macrophage activation in vitro and found that the
medium of TSZ-treated wild-type, but not ADAM10/17
double knockout, MEFs induced much greater upregu-
lation of IFN-y, IL-6, TNF-a and VEGF expression in
J774 macrophage cells (Supplementary information, Fig-
ure S6A and S6B). The protein levels of IL-6 and TNF-a
in the supernatant of J774 cells was much lower in the
knockout cells as well (Supplementary information, Fig-
ure S6C). These data indicate a possible role of ADAMs
in necroptosis-induced inflammatory responses.

To test this possibility in vivo, we intraperitoneally
injected TSZ-treated control or ADAM10/17 double
knockout MEFs, cultured in suspension, into C57BL/6
mice. Sixteen hours after injection, mice injected with
ADAM10/17 double knockout MEFs had much less
neutrophils in their peritoneal cavity compared with
mice injected with control cells, suggesting that the in-
flammatory responses triggered by ADAM10/17 double
knockout cells were significantly lower [30, 31] (Figure
5C and 5D). To further evaluate the role of ADAM acti-
vation in necroptosis/inflammation in vivo, we analyzed
the effect of ADAM inhibition in caerulein-induced
pancreatitis mouse model and found that ADAM inhi-
bition with GW280264X dramatically protected mice
from pancreas acinar cell loss and necrosis (Figure 5E).
GW280264X-treated mice had significantly lower levels
of serum amylase in response to caerulein (Figure SF).
These data further support that the activation of ADAMs
promotes cell death and inflammation.

Necroptosis promotes cell migration and invasion

While the medium of necroptotic cells triggered in-
flammatory responses of macrophages, it did not alter
cell proliferation and viability of HT29, A549 and MDA-
MB-231 cells (Figure 6A). However, the medium of
TSZ-treated HT29 cells significantly promoted A549 and
MDA-MB-231 cell migration by transwell migration as-
say (Figure 6B). The conditioned medium of TSZ-treated
cells also increased cell invasion as determined by tran-
swell matrigel invasion assay (Figure 6C). Importantly,
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Figure 6 Necroptosis promotes cell migration and invasion. (A) Upper diagram, flow chart of isolation of conditioned medium
from DMSO-treated (Ctrl-CM) or TSZ-treated (TSZ-CM) HT29 cells. Lower graph, HT29, MDA-MB-231 and A549 cells were
treated with DMEM, Ctrl-CM or TSZ-CM for 48 h, respectively. Relative cell viability was analyzed by MTT assay. Results
shown are averages + SEM. (B) MDA-MB-231 and A549 cells were treated with Ctrl-CM, TS-CM or TSZ-CM for 12 h. Cell mi-
gration was analyzed by transwell assay. Left, representative images of transwell assay. Right, quantitative data of migrated
cells. (C) MDA-MB-231 cells were seeded in transwells covered with 10% Matrigel gel and treated with Ctrl-CM or TSZ-CM
from HT29 cells for 24 h. Left, representative images of transwell assay. Right, quantitative data of migrated cells. (D) MDA-
MB-231 cells were treated with the conditioned media from control-shRNA or ADAM9/10-shRNA HT29 cells for 12 h. Cell mi-
gration was analyzed by transwell assay. Left, representative images of transwell assay. Right, quantitative data of migrated
cells. (E) Ctrl-CM or TSZ-CM were immunoprecipitated with IgG-control (IgG-IP) or E-cadherin antibody (E-cad-IP) and then
used to treat MDA-MB-231 cells for 12 h. Cell migration was analyzed by tranwell assay. Upper-left panel, immunoblotting
analysis of the levels of soluble E-cadherin in conditioned medium after immunoprecipitation. Lower-left panel, representative
images of transwell assay. Right panel, quantitative data of migrated cells. Results shown are averages + SEM. **p < 0.01;

Scale bar, 200 pm. All data were representative results of three independent experiments.

the conditioned medium of ADAMY/10 knockdown cells
did not stimulate cell migration (Figure 6D). Since pre-
vious studies showed that soluble E-cadherin promoted
cell migration and invasion [23, 32], we then depleted
the cleaved E-cadherin from the medium of TSZ-treat-
ed cells and found that removing E-cadherin abolished
the promoting effect of the medium on cell migration
(Figure 6E). Moreover, we found that the conditioned
medium collected from TSZ-treated wild-type, but not
ADAMY/10 double knockout, cells promoted the migra-
tion of T cells and monocytes (Supplementary informa-
tion, Figure S7B and S7C). Therefore, our results suggest
that the soluble factors from ADAM-mediated shedding
of cell-surface proteins of necroptotic cells promote cell
migration and invasion.

Discussion

Although translocation of active MLKL to the plas-
ma membrane is an essential step in necroptosis, the
execution mechanism of necroptosis is unclear. While
phosphorylated MLKL may promote necroptosis through
activating plasma membrane ion channels or exerting
its own pore-forming activity, these functions of MLKL
are either indirect or relatively late in the death execu-
tion process. In addition, it is commonly assumed that
protease activation is not necessary for the engagement
of necroptosis and often this assumption is used as a
hallmark to distinguish necroptosis from caspase-depen-
dent apoptosis. Our current findings suggest that ADAM
metalloprotease activation not only occurs at the early
stage of necroptosis, but also plays a key role in promot-
ing necroptosis in adherent cells.

Activation of ADAMs has been reported in the cells
attacked by some pore-forming bacterial proteins [33].
Particularly, it has been demonstrated that the staphy-
lococcal a-toxin binds to ADAM10 and renders cells
more susceptible to attack by low toxin concentration

[24, 34]. Our study suggest that cell adhesion disruption
by the activation of ADAMs plays an important role
in necroptotic cell death. Although the detailed mech-
anism of ADAM activation is still poorly understood,
a recent study reported that ADAM10 and ADAM17
form homodimers on the cell surface and the transition
of ADAMI10 or 17 homodimers to monomers is critical
for metalloprotease activation [27]. We show that MLKL
forms a complex with multiple ADAMs upon necroptotic
stimulus. Moreover, necroptotic stimulus decreases the
abundance of ADAM10 oligomers in HT29 cells through
a MLKL-dependent mechanism, suggesting MLKL may
activate ADAM10 by inducing a conformational change
of the protease during necroptosis.

In vertebrate cells, ADAMs mediate the release of
diverse membrane-associated proteins including cad-
herins, Fas ligand, TNF-a, ErbB2, EpCAM and many
others [35]. The shedding process induced by activation
of ADAMSs modulates cell-cell contacts, cell-matrix ad-
hesion, cell migration and inflammation. Accordingly,
dysregulation of ADAMs is related to several patholo-
gies such as autoimmune diseases, neurodegeneration,
infection, inflammation and cancer [25]. It is generally
believed that necroptosis directly triggers inflamma-
tion by the release of cellular components described as
damage-associated molecular patterns (DAMPs) from
permeabilized cells [36]. Although this consensus notion
is supported by the observation that DAMPs are released
from necroptotic cells in vitro, there is currently no in
vivo evidence to prove that the release of DAMPs indeed
triggers inflammation, which may be due to the redun-
dancy among DAMPs [36]. Our study demonstrates that
necroptosis not only can result in the release of DAMPs
from permeabilized cells but also induces shedding of
diverse cell-surface proteins by activating ADAMs when
the cell plasma membrane is still intact. Currently, there
are more than 100 cell-surface proteins that are identified
as substrates of ADAM metalloproteases [35]. Besides
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adhesion proteins (e.g., E cadherin and EpCAM), AD-
AMs also cleave other factors including cytokines (e.g.,
TNF-a, Fas ligand) and cytokine receptors (e.g., IL-6R
and TNF-R), which are pro-inflammatory [35]. Thus,
our study reveals a previously unknown mechanism of
how necroptosis directly induces inflammation. More-
over, in vivo studies have suggested that necroptotic cell
death can induce inflammation indirectly by disrupting
the epithelial barrier to trigger microbe-driven immune
responses in the intestinal epithelium [37]. Our results
demonstrate that the necroptotic stimulus induces prote-
olysis of E-cadherin and cell-cell contact can be attenu-
ated by knocking down of ADAMY/10, implicating that
activation of ADAMs during necroptosis may further
contribute to the disruption of the epithelial barrier and
exacerbate inflammation in vivo. Our study also demon-
strates that proteolytic cleavage and the release of E-cad-
herin fragments from necroptotic cells promotes tumor
cell migration and invasion. Since elevated serum solu-
ble E-cadherin was reported in a wide variety of cancer
types and promotes tumor growth and metastasis [32], it
would be interesting to investigate the role of necroptosis
in tumor metastasis in the future.

Collectively, our findings reveal a novel mechanism of
necroptosis-induced inflammation and cell migration and
provide new insight about how necroptosis may modu-
late immune response or cause tissue damage, deepening
our understanding of the physiological and pathological
functions of necroptosis.

Materials and Methods

Constructs, shRNAs, reagents and antibodies

C-terminal FLAG epitope-tagged human MLKL was generated
by subcloning MLKL into pcDNA3.1-FLAG from pCMV-Ta-
g2A-MLKL, which was described previously [10]. MLKL point
mutants were generated using site-directed mutagenesis and
confirmed by sequencing analysis. pcDNA3.1/V5-RIP3 and pcD-
NA3.1/V5-RIP3-D160N were generated by subcloning RIP3 into
pcDNA3.1/V5 from RIP3- and RIP3-D160N-EGFP constructs,
which were kindly provided by Dr Francis Ka Ming Chan (Uni-
versity of Massachusetts Medical School). E-cadherin-GFP was a
gift from Dr Jennifer Stow (Addgene # 28009). pRKSM-ADAM10
was a gift from Dr Rik Derynck (Addgene # 31717). ORIA-1-YFP
was a gift from Dr Anjana Rao (Addgene # 19756). All plasmid
constructs were confirmed by DNA sequencing.

shRNA against MLKL was described previously [10].
The lentivirus silencing vector expressing shRNA target-
ing human ADAM9#1 (TRC number: TRCN0000046978),
ADAM9#2 (TRC number: TRCN0000046980), ADAMI10#1
(TRC number: TRCN0000006675), ADAM10#2 (TRC
number: TRCN0000006674), ADAMI15#1 (TRC num-
ber: TRCN0000371222) and ADAM17#1 (TRC number:
TRCN0000052172) were obtained from Sigma.

For generation of CRISPR-Cas9 lentivirus constructs, two
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guide oligonucleotides against mouse ADAMI10 corresponding
to the coding sequence 5'-AGACTGCTCGTTTGGCACGC-3’
(ADAM10#1) and the coding sequence 5'-CTCATGTGAGACT-
GCTCGTT-3" (ADAMI10#2); two guide oligonucleotides
against mouse ADAM17 corresponding to the coding sequence
5'-CACTTTGGTGCCTTTCGTCC-3’ (ADAM17#1) and the cod-
ing sequence 5'-GTGCTGCTGAATATTAGCTA-3' (ADAM17#2)
were cloned into the Cas9-containing lentiCRISPR-v2 vector,
which was a gift from Dr Feng Zhang (Addgene #52961).

TNF-o and z-VAD-fmk were purchased from R&D. Cyclohex-
imide, GM6001, 3,4-DCI, TAPI-2, GI254023 and protease inhib-
itor cocktail were purchased from Sigma. GW280264X was pur-
chased from AOBIOUS (Gloucester, MA, USA). Smac mimetic
was a gift from Dr Shaomeng Wang (University of Michigan, Ann
Arbor). Mouse Inflammatory Cytokines & Receptors PCR Array
was purchased from QIAGEN. Antibodies were from commercial
sources: anti-actin (A3853) and anti-Tubulin (T9026) from Sigma;
anti-E-cadherin (HECD1; ab1416), anti-human MLKL (ab184718),
anti-human phospho-MLKL (ab187091), anti-mouse phos-
pho-MLKL (ab196436), anti-ADAM10 (ab1997), anti-anti-neutro-
phil [7/4] (ab105157) and anti-ADAM17 (ab2051) from Abcam.
Anti-mouse Ly-6G (11-9668) from eBioscience. Anti-human ec-
todmain of ADAMY (AF939), anti-human ectodmain of ADAM10
(MAB1427), anti-human EpCAM (MAB960), anti-human TfR
(AF2474) and anti-human BCAM (MAB1481) from R&D Sys-
tems. Anti-E-cadherin C-terminal (4A2C7) from ThermoFisher.
Anti-pan-cadherin (28E12) from Cell Signaling Technology). An-
tibody for mouse MLKL was kindly provided by Dr Jiahuai Han
(Xiamen University). Anti-ATIA/vasorin was described previously
[21].

Cell culture

HT29, L929 and MEF cells were cultured in DMEM. Jur-
kat FADD ™ cells were cultured in RPMI 1640. Wild-type and
MLKL-deficient MEFs were kindly provided by Dr Jiahuai Han
(Xiamen University). All media were supplemented with 10% FBS
(v/v), 2 mM L-glutamine and 100 U/ml penicillin/streptomycin.

For suspended cell culture, HT29 cells or MEFs were lifted us-
ing Cellstripper (Mediatech) and a non-enzymatic cell dissociation
solution, in order to avoid degradation of cell-surface proteins.
Cells were washed with PBS and cultured with DMEM at density
of 5 x 10* cells/ml in non-treated 12-well tissue culture plate. On
the second day of culture, cells were treated with TSZ to induce
necroptosis.

Lentivirus Infection

HEK293T cells were co-transfected with pCMV-VSV-G and
pCMV-dr8.2-dvpr and shRNA or CRISPR-Cas9 transfer plasmids.
After 24 h, supernatant was collected and this lentiviral prepara-
tion was used to infect cells. After 24 h of infection, cells were
selected with puromycin for an additional 48 h. For generation of
ADAMI10 or ADAM17 knockout MEFs, CRISPR knockout cells
were grown at low density for 2 weeks to select clones. Protein
expression was determined by immunoblotting to identify clones
without ADAM10 or ADAM17 expression. The ADAM10 and
ADAM17 double knockout MEFs were generated by co-infection
of ADAM10 and ADAM17 CRISPR-Cas9 lentiviruses. The dou-
ble knockout clones were selected and identified by immunoblot-
ting analysis.
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Necroptosis induction

Necroptosis was induced by pretreatment with z-VAD-fmk (20
uM) and Smac mimetic (10 nM) or cycloheximide (10 pg/ml) for
30 min and followed by TNF-a (30 ng/ml), or TRAIL (10 ng/ml)
or FasL (10 ng/ml) for the indicated time periods. Apoptosis was
induced by TNF-a (30 ng/ml) and Smac (10 nM) for the indicated
time periods. For protease inhibitors treatment, GM6001 (10 pM),
(Z-LL)2 Ketone (10 pM), 3,4-DCI (100 pM), TAPI-2(10 uM),
GI254023X(10 pM) , GW280264X (10 uM) and Protease Inhib-
itor Cocktail (1:200) were used to pretreat cells for 1 h and then
treated with TSZ for the indicated time points.

Transwell migration assay

A transwell migration assay with 6.5-mm-diameter polycar-
bonate filters (8-um pore size) was used. For cell invasion assay,
the filter of the transwell plate (BD Biosciences) was coated with
Matrigel (BD biosciences). The bottom chambers were filled with
500 pul of DMEM containing 10% FBS. Cells (4 x 10*) suspended
in 200 pl of conditioned DMEM containing 0.5% FBS were seed-
ed in the top chamber. For cell migration assay, cells were allowed
to migrate for 12 h. For Matrigel invasion assay, cells were al-
lowed to migrate for 24 h. Non-migrated cells were removed with
cotton swabs, and migrated cells were fixed with cold 4% parafor-
maldehyde and stained with 1% crystal violet. Images were taken
using an inverted microscope (10x magnification; Olympus), and
migrated cells were quantified by manual counting.

Chemotaxis assay

T-cell and monocytes chemotaxis was assayed using 24-well
Transwellﬁ/ghambers with 5 pm pores (Corning). A total of 10’
Jurkat™  or THP-1 cells in 100 pl chemotaxis buffer (RPMI
1640/0.5% BSA) were placed in the upper chambers. Conditioned
medium collected from necroptotic cells was placed in the lower
wells and the chambers were incubated for 3 h at 37 °C. Migrated
cells located in the bottom wells were collected and counted by
FACS. All experiments were conducted in triplicate. The percent-
age of migration was calculated by the number of cells in the low-
er chamber divided by the sum of cells put in the upper chamber at
the beginning of experiments.

ADAM metalloprotease activity measurement

Cells (3 x 10%) were seeded in 96-well plate overnight and then
treated with DMSO or TSZ for the indicated times. Cells were
washed with 25 mM Tris, pH 8.0 buffer and incubated for 30 min
at 37 °C with 10 uM fluorogenic peptide substrate (Mca-PLAQAV-
Dpa-RSSSR-NH2, R&D Systems) diluted in 25 mM Tris, pH 8.0.
Fluorescence intensity was read on a Molecular Devices Spectra-
Max instrument and analyzed by SoftMaxPro software.

Real-time PCR analysis

RNA was extracted using TRIzol (ThermoFisher) and quan-
tified by spectrophotometry (NanoDrop, Peqlab). RNA was
reverse-transcribed using Superscript III reverse transcriptase
(ThermoFisher), according to the manufacturer’s protocol. Regular
PCRs were performed using MyTaq Red Mix (Bioline). Real-time
PCRs were performed using SensiFAST SYBR Hi-ROX Kit (Bi-
oline). The sequences of oligonucleotides used in RT-PCR are
listed in Supplementary information, Table S1. For regular PCR

analysis, the PCR products were subjected to electrophoresis in
1.5% agarose gels, visualized under UV light after ethidium bro-
mide staining, and then imaged. For real-time PCR, the threshold
cycle number for ADAMs was normalized to that of GAPDH, and
the resulting value was converted to a linear scale. All assays were
performed at least three times from independent RNA prepara-
tions.

Immunoblotting, cross-linking and immunoprecipitation

Cells were collected and lysed in M2 buffer (20 mM Tris, pH
7, 0.5% NP40, 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM
DTT, 0.5 mM PMSF, 20 mM-glycerol phosphate, ] mM sodium
vanadate, 1pg/ml Leupeptin). Cell lysates were separated by SDS-
PAGE and analyzed by immunoblotting. The dilution ratio of the
antibodies used for western blotting is 1:1 000. The proteins were
visualized by enhanced chemiluminescence, according to the man-
ufacturer’s instruction (Amersham) .

For endogenous immunoprecipitation, cross-linking of cellular
proteins was performed before cell lysis. Cells were washed three
times with ice-cold PBS solution and incubated with cross-link-
ing reagent (DSP, 2 mM) in PBS for 30 min at room temperature,
followed by incubation of 10 mM Tris, pH 7.5 buffer for 15 min
to quench the reaction. Then, cells were lysed in M2 buffer con-
taining 1% digitonin. The samples were precipitated with antibody
(1 g) and protein G-agarose beads by incubating at 4 °C overnight.
Beads were washed four to six times with 1 ml M2 buffer, and
the bound proteins were removed by boiling in SDS buffer and
resolved in 4%-20% SDS-polyacrylamide gels for western blotting
analysis.

Mass spectrometry analysis

HT29 cells (5 x 107) were treated with DMSO or TSZ in 10 ml
serum-free DMEM for 4 h. The conditioned medium was collected
and ultra-centrifuged at 100 000x g for 1 h to remove microve-
sicles. Proteins in the conditioned medium (5 ml) were concen-
trated by TCA precipitation. Concentrated protein samples were
analyzed by SDS-PAGE and in-gel digestions were carried out as
previously described [38]. The digested samples were analyzed
by nanoLC-MS/MS (nanoACQUITY UPLC and SYNAPT G2
HD mass spectrometer; Waters). Mass spectrometry data were ac-
quired with Data Dependent Analysis mode, processed with PLGS
2.4 software (Waters), and the resulting peak list was searched
against the NCBI database with the MASCOT search engine,
de novo sequencing was performed using Masslynx Pepseq 4.1
software (Waters). The released proteins in the TSZ-treated condi-
tioned medium were profiled by using DMSO-treated condition as
a baseline. The cell-surface proteins were identified by functional
annotation from the profiled data.

Necroptotic cells induced in vivo peritonitis

CRISPR control or ADAM10/17 knockout MEFs were cultured
in suspension and pre-treated with TSZ for 2 h and then washed
three times with PBS. Cells were re-suspended in PBS at a density
of 1 x 10° cells/ml. A total of 2 x 10’ pre-necroptotic MEFs in 200
ul PBS were intraperitoneally injected into C57BL/6 mouse. PBS
alone injection served as control. 16 h post-injection, peritoneal
cavities were washed with 6 ml PBS containing 3 mM EDTA and
10 U/ml heparin. The total number of peritoneal exudate cells were
counted using a hematocytometer and then centrifuged at 450x g
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for 10 min. The cell pellets suspended in PBS were double stained
with Ly6G and 7/4 antibodies and analyzed by flow cytometry as
described [30]. Neutrophil numbers in the peritoneal exudate were
determined by multiplying the total peritoneal exudate cell num-
bers by the percentage of Ly-6G7/4" cells.

Caerulein-induced acute pancreatitis

C57BL/6 mice at 6-8 weeks of age (n = 5) were intraperitone-
ally injected with GW280264X (100 pg/kg, dissolved in DMSO,
final concentration 0.06%) or vehicle control (0.06% DMSO) for
1 h. Then, mice were intraperitoneally injected with caerulein (50
g/kg, Sigma) every hour for 10 consecutive hours. After the last
caerulein injection, mice were re-injected with GW280264X or
vehicle control as described above. Mice were killed 16 h after the
last injection and samples of pancreatic tissue and blood were rap-
idly harvested. Quantification of pancreas injury was performed
on pancreatic tissue sections stained with H&E and serum amylase
activity was measured.

Statistical analysis

The Student’s ¢-test and one-way analysis of variance were
used for comparison among all different groups. P < 0.05 was con-
sidered statistically significant.
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