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ABSTRACT Fas-associated protein with death domain (FADD) plays a key role in ex-
trinsic apoptosis. Here, we show that FADD is SUMOylated as an essential step dur-
ing intrinsic necrosis. FADD was modified at multiple lysine residues (K120/125/149)
by small ubiquitin-related modifier 2 (SUMO2) during necrosis caused by calcium
ionophore A23187 and by ischemic damage. SUMOylated FADD bound to dynamin-
related protein 1 (Drp1) in cells both in vitro and in ischemic tissue damage cores,
thus promoting Drp1 recruitment by mitochondrial fission factor (Mff) to accomplish
mitochondrial fragmentation. Mitochondrial-fragmentation-associated necrosis was
blocked by FADD or Drp1 deficiency and SUMO-defective FADD expression. In-
terestingly, caspase-10, but not caspase-8, formed a ternary protein complex
with SUMO-FADD/Drp1 on the mitochondria upon exposure to A23187 and po-
tentiated Drp1 oligomerization for necrosis. Moreover, the caspase-10 L285F and
A414V mutants, found in autoimmune lymphoproliferative syndrome and non-
Hodgkin lymphoma, respectively, regulated this necrosis. Our study reveals an
essential role of SUMOylated FADD in Drp1- and caspase-10-dependent necrosis,
providing insights into the mechanism of regulated necrosis by calcium overload
and ischemic injury.
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Programmed cell death (PCD) is typically classified into apoptosis and necrosis. Fas-
associated protein with a death domain (FADD) is an essential adaptor in tumor

necrosis factor (TNF) family-mediated extrinsic apoptosis, forming a death-inducing signal-
ing complex (DISC) with death receptors and proximal caspases, such as caspase-10 and
caspase-8. FADD also has a versatile role in cell proliferation and necroptosis, especially in
extrinsic necrosis, by forming distinct protein complexes (1, 2). In contrast, many studies
have revealed that FADD also has critical roles in caspase-independent intrinsic necrosis,
but the mechanisms remain unknown (3, 4).

Owing to sequence homology with caspase-8, caspase-10 is hypothesized to be a
component of DISC. However, studies investigating this hypothesis reported conflicting
results (5, 6). Caspase-10 is also responsible for drug-induced intrinsic apoptosis in
several types of cancer cells by forming the AK2/FADD/caspase-10 complex (7). Fur-
thermore, caspase-10 inhibits autophagy through cleaving Bcl-2-associated transcrip-
tion factor 1 (BCLAF1), a strong inducer of autophagy, and overexpressed caspase-10
activates the NF-�B pathway (8, 9). Interestingly, caspase-10 mutations are associated
with autoimmune lymphoproliferative syndrome (ALPS) type II; other apoptosis-
independent caspase-10 mutations were discovered in several primary tumors and in
tumor cell lines from different origins (10–13). However, detailed characterization of the
distinct roles of caspase-10 in cell death and in a range of pathologies is needed.

Accumulating evidence indicates that mitochondria are involved in regulated ne-
crosis (14, 15). Mitochondrial integrity and function are closely connected; mitochon-
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drial regulatory aberrations may occur in neurodegenerative diseases and in metabolic
disorders (16, 17). During mitochondrial fission, dynamin-related protein 1 (Drp1) is
translocated from the cytosol to the mitochondrial outer membrane, where it binds to
mitochondrial Drp1 receptors and then oligomerizes to sever mitochondrial tubules
(18, 19). Various stimuli result in excessive Drp1-mediated mitochondrial fragmentation,
triggering necrotic cell death (20–22). However, the mechanisms by which Drp1
proteins are recruited to mitochondria and induce necrosis remain unclear.

The small ubiquitin-like modifier (SUMO) conjugation system utilizes a unique
E1-activating (ubiquitin-activating) enzyme complex formed by (i) a heterodimer of
SAE1 and SAE2 (Aos1/Uba2), (ii) the E2-conjugating enzyme Ubc9, and (iii) E3 ligases.
Proteins of the SUMO family are reversibly deconjugated from the substrate by
SUMO-specific isopeptidases (also known as sentrin-specific proteases [SENPs]) (23).
SUMOylation has emerged as a posttranslational modification in several cell death
pathways. Several proteins, including p53, NF-�B essential modulator (NEMO), and the
caspases, are substrates for the SUMO conjugation system; this facilitates further
exploration of SUMO protein involvement in cell death signaling (24–26). Here, we
determined that SUMO2 is conjugated to nonconsensus lysine residues in FADD during
necrosis. SUMOylated FADD is forced to translocate to the mitochondria together with
Drp1 and caspase-10, leading to mitochondrial fragmentation and caspase-
independent necrosis during hypoxic and ischemic injury.

RESULTS
FADD is modified by SUMO1 and SUMO2 in vitro and in necrotic cells. In an

effort to elucidate whether FADD is a target of SUMOylation, we performed in silico
modeling analyses. SUMO sp2.0 (a computing program with a group-based
phosphorylation-scoring algorithm) predicted that Lys 125 (TKID) of FADD in the
nonconsensus motif can be SUMOylated (27). To test this prediction, we first
examined whether FADD could be modified by SUMO in cells. HEK-293T cells
(human embryonic kidney 293 cells stably expressing the simian virus 40 [SV40]
large T antigen) were cotransfected with hemagglutinin (HA)-tagged human FADD,
along with FLAG-tagged Ubc9 (an E2 ligase) and His6-tagged SUMO isoform 1
(SUMO1) or SUMO2. These transfections were performed in the presence of IDN-
6556, an antiapoptotic pancaspase inhibitor, because FADD overexpression initiates
apoptotic cell death. His6-tagged, SUMO-conjugated proteins were isolated using
Ni-nitrilotriacetic acid (NTA)-agarose beads under 5% SDS denaturing conditions
and were mixed with N-ethylmaleimide to inhibit the action of SUMO proteases.
Immunoblotting of the bead-bound proteins revealed a larger FADD protein (�50
kDa) that SUMOylated with SUMO2 more strongly than did HA-tagged FADD (�30
kDa) (Fig. 1A, top). SUMOylated FADD was also identified in cell lysates via immu-
noblot analysis (Fig. 1A, bottom).

We then analyzed whether FADD could be conjugated to SUMO2 in vitro. Recom-
binant GB1-tagged FADD protein was incubated with purified glutathione S-transferase
(GST)-tagged SAE1/2 (E1), His6-tagged Ubc9 (E2), and GST-tagged SUMO2 in the
absence or presence of dithiothreitol (DTT). After incubation for increasing periods,
samples were subjected to immunoblotting using an FADD antibody. Consistent with
the results of in vivo-based experiments, in vitro incubation resulted in robust SUMO2
conjugation of FADD, as indicated by the high molecular masses (�80 kDa) (Fig. 1B).
Similar results were observed in an E. coli SUMOylating system. His6-FADD, E1, E2, and
SUMOs were coexpressed by isopropyl �-D-1-thiogalactopyranoside (IPTG) treatment in
Escherichia coli (28). Immunoblotting with an FADD antibody revealed a shifted band in
lysates of bacteria that expressed His6-FADD and either pT-E1E2SUMO1 or pT-
E1E2SUMO2; this shifted band did not appear in the lysates of bacteria expressing
FADD alone (Fig. 1C). To investigate which E3 SUMO ligases regulated FADD SUMO-
ylation, four members of the protein inhibitor of activated STAT (PIAS) family, PIAS1,
PIASx-�, PIAS3, and PIAS-�, were each cotransfected with FADD and SUMO2 into
HEK-293T cells. PIAS3 overexpression markedly increased FADD SUMOylation (Fig. 1D).
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To identify the cellular signals involved in FADD SUMOylation, we exposed HeLa
cells to various insults to trigger different forms of apoptosis: (i) to trigger extrinsic
apoptosis, we exposed the cells to TNF-� and cycloheximide or to FAS ligand; (ii) to
trigger intrinsic apoptosis, we exposed the cells to etoposide or thapsigargin (29). We
could not detect SUMOylated FADD under either of these conditions (see Fig. S1A in
the supplemental material). We then examined FADD SUMOylation during necrotic cell
death by treating HeLa cells expressing receptor-interacting serine/threonine-protein
kinase 3 (HeLa/RIP3) with the combination of TNF-�, second mitochondrion-derived
activator of caspases (SMAC) mimetic, and the pancaspase inhibitor IDN-6556 (T/S/I) to

FIG 1 FADD is a target for SUMOylation during cell death. (A) (Top) HEK293T cells were transfected with HA-FADD alone or together with
Flag-Ubc9 and His6-SUMO1 or His6-SUMO2 in the presence of 25 �M IDN. After 24 h, cell extracts were subjected to pulldown (PD) assays
using Ni2�-NTA-agarose beads under denaturing conditions, and the bound proteins were analyzed by immunoblot assay (IB). (Bottom)
Whole-cell lysates (Input; 1/10) and the immunoprecipitates were immunoblotted with anti-HA, Xpress, and Flag antibodies. (B) Purified
GB1-FADD protein was incubated with GST-Aos1/Uba2, His6-Ubc9, and GST-SUMO2 (-GG), which has a deletion after GG in the C-terminal
region of SUMO2 proteins in the presence of 100 �M DTT at 37°C and then subjected to immunoblot analysis. (C) E. coli BL21 cells were
transformed with pET-FADD alone or in combination with pET-E1E2SUMO1 or pET-E1E2SUMO2 [which encode SUMO enzymes E1, E2, and
SUMO1 or SUMO2 (-GG), respectively]. After 1 mM IPTG treatment for 6 h, the cell lysates were subjected to immunoblot analysis. (D)
HEK-293T cells were cotransfected with HA-FADD, His-SUMO2, and either FLAG-PIAS1, FLAG–PIASx-�, FLAG-PIAS3, or FLAG–PIAS-� in the
presence of 25 �M IDN for 24 h. Cell extracts were then pulled down with Ni2�-NTA-agarose beads as for panel A. (E) (Top) HeLa cells
stably expressing HA-RIP3 were left untreated (NT) or treated with 40 ng/ml T/S/I for 6 h or 20 �M A23187 for 6 h and then subjected
to immunoblot analysis. (Bottom) Cell death rates were determined by counting the PI-positive cells after staining with PI. (F) HeLa cells
were treated with increasing concentrations of A23187 for 12 h (left) or with 20 �M A23187 for the indicated times (right). The cell lysates
were subjected to immunoblot analysis. (G) HeLa cells were treated with 20 �M A23187 (�) for 4 h. Cell lysates were analyzed by IP assay
with mouse IgG or anti-FADD antibody, followed by immunoblot analysis. The asterisks indicate nonspecific signals. Shown are mean
values and standard deviations (SD) (n � 3).
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trigger necroptosis or a high dose of A23187 to induce intrinsic necrosis (15). Strikingly,
FADD was conjugated to SUMO2 under high doses of A23187 but not by T/S/I
treatment (Fig. 1E). SUMOylated FADD was observed in HeLa cells exposed to high
doses (�5 �M) of A23187 but not in cells exposed to low doses (�2 �M) (see Fig. S1B
in the supplemental material). In addition, FADD SUMOylation at high doses of A23187
increased for 6 h and then declined thereafter (see Fig. S1C in the supplemental
material). From immunoprecipitation and immunoblot assays, we found apparently
SUMOylated FADD in A23187-treated HeLa cells (Fig. 1F). Moreover, upon A23187
treatment, we found that FADD interacted with PIAS3 (Fig. 1G). These results suggest
that FADD is SUMOylated during calcium-induced necrotic cell death.

FADD is SUMOylated at lysines 120, 125, and 149. To identify the SUMO-
acceptable lysines in FADD, all eight lysine sites within FADD were replaced with
arginines via mutagenesis. Pulldown assays that followed ectopic expression of FADD
mutants, Ubc9, and SUMO2 revealed that mutation at lysine 125 (K125R) or 149 (K149R)
in the death domain (DD) of FADD partially reduced the consequent incidence of
SUMO-conjugated FADD (Fig. 2A). When we generated a FADD double mutant con-
taining arginines at both lysines 125 and 149 (K125/149R) and combinations of prox-
imal lysine 120 (K120/125R or K120/149R) the outcome was that FADD SUMOylation
was greatly reduced but not completely abolished (Fig. 2B). Thus, we introduced one
more mutation at lysine 120 into the FADD 2KR double mutant (K125/149R) and found
that the FADD 3KR (K120/125/149R) triple mutation strongly impaired FADD SUMO-
ylation (Fig. 2C). Accordingly, unlike the FADD 3KR (K120/125/149R) mutant (containing

FIG 2 FADD is SUMOylated on lysines 120, 125, and 149. (A to C) Determination of FADD SUMOylation sites by
mutagenesis. HEK-293T cells were cotransfected with Flag-Ubc9; His6-SUMO2; and either HA-FADD WT, HA-FADD
single Lys mutant (A), HA-FADD double Lys mutant (B), or HA-FADD triple Lys mutant (C) in the presence of 25 �M
IDN. After 24 h, the cells were subjected to Ni2� pulldown assay. The precipitates and whole-cell lysates (Input)
were analyzed by immunoblotting. (D) HeLa cells were transfected with HA-FADD WT or HA-FADD K120/125/149R
(3KR) mutant in the presence of 25 �M IDN for 24 h and then exposed to 20 �M A23187 for 6 h. The cell lysates
were subjected to immunoblotting.
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triple mutations at lysines 120, 125, and 149), the FADD 3KR (K125/149/153R) mutant
(harboring triple mutations at lysines 125, 149, and 153) was SUMOylated (see Fig. S2
in the supplemental material). In addition, when we treated HeLa cells with A23187
after ectopic expression of the FADD 3KR mutant, in contrast to the FADD wild type
(WT), the FADD 3KR mutant was not SUMOylated (Fig. 2D). These results strongly
suggest that FADD is modified by SUMO2 at lysines 125, 149, and 153 under excessive
calcium overload.

SUMOylated FADD translocates to the mitochondria for Drp1-mediated mito-
chondrial fragmentation during necrosis. It was previously reported that calcium
stress provokes translocation of the entire gamut of proapoptotic and necrogenic,
cytoplasm-residual factors to the mitochondria. As reported previously (15, 30–32), we
confirmed that upon A23187 treatment, both Drp1, a crucial regulator of mitochondrial
fission (33), and p53 accumulated in the mitochondrion-rich fraction (Fig. 3A). Interest-
ingly, we found that while A23187 treatment also increased FADD in the
mitochondrion-rich fraction, it concomitantly reduced FADD in the cytosolic fraction. Of
particular note, SUMOylated FADD was detected in the mitochondrial fraction 3 h after
A23187 treatment (see Fig. S3A in the supplemental material). Immunocytochemical
analysis also revealed that A23187 treatment increased the colocalization of FADD with
TOM20 (translocase of outer membrane protein, subunit 20), a mitochondrial outer
membrane protein; in contrast, untreated cells showed a cytosolic and diffused pattern
of FADD localization (Fig. 3B). These results indicate that calcium stress causes FADD
translocation to the mitochondria.

In general, excessive calcium influx (or overload) induces Drp1-dependent mito-
chondrial fragmentation. As previously reported (31), treatment of HeLa cells with
A23187 increased the number of mitochondria showing fragmentation, with less
elongated tubules (see Fig. S3B in the supplemental material). We thus examined
whether FADD SUMOylation is critical to the mitochondrial fragmentation process.
A23187-induced mitochondrial fragmentation and aggregate formation were greatly
reduced in FADD knockout (KO) mouse embryo fibroblasts (MEFs) (Fig. 3C, left),
compared to observations of FADD WT MEFs. The number of cells with fragmented
mitochondria was reduced from 60% to 20% by FADD deficiency (Fig. 3C, right). In
addition, FADD KO MEFs expressing the SUMOylation-defective FADD 3KR mutant
underwent approximately 30% less mitochondrial fragmentation than did FADD KO
MEFs expressing FADD WT under calcium overload (Fig. 3D). These observations
indicate that SUMOylated FADD is required for mitochondrial fragmentation under
calcium overload.

Under excessive calcium overload, Drp1-dependent mitochondrial fission mediates
not only apoptosis (34) but also necrosis (15), depending on the duration or concen-
tration of the overload (35, 36). We determined the types of cell death evoked by
A23187 in detail. Cell death induced by low doses (�2 �M) of A23187 was efficiently
inhibited by the caspase inhibitor IDN-6556. In contrast, cell death triggered by high
doses (�5 �M) of A23187 was not inhibited, but rather, was potentiated by IDN-6556
(see Fig. S4A in the supplemental material). Accordingly, caspase-8 and caspase-9 were
not activated (see Fig. S4C), mitochondrial cytochrome c was not released into the
cytosol (see Fig. S4B), and cellular ATP levels were reduced by treatment with 20 �M
A23187 (see Fig. S4D). These results confirm that high doses of A23187 induce
caspase-independent necrosis. Furthermore, using the calcein/cobalt-bleaching assay,
we found that 20 �M A23187 did not affect mitochondrial permeability transition pore
(MPTP) opening, nor did it affect mitochondrial permeability transition (mPT) in both
FADD WT and FADD KO MEFs (see Fig. S5), indicating that A23187-induced necrosis is
independent of mPT.

When we addressed whether FADD and Drp1 are required for A23187-induced
necrosis, we found that either FADD or Drp1 deficiency in MEFs greatly blocked
necrotic cell death, as measured by propidium iodide (PI) staining (Fig. 3E). Accordingly,
unlike in WT MEFs, MEFs with FADD-deficient mutations or Drp1-deficient mutations
eliminated the necrosis-indicating reduction of cellular ATP levels normally caused by
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FIG 3 SUMOylated FADD is recruited to the mitochondria for mitochondrial fragmentation during necrotic cell death. (A) After
treatment with 20 �M A23187 for 3 h, cytosolic (Cyt) and mitochondrial (Mit) fractions of HeLa cells were prepared and analyzed by
immunoblot assay. (B) HeLa/Mito-RFP (red fluorescent protein) cells were treated with DMSO (vehicle) or 10 �M A23187 for 3 h and
then analyzed by immunocytochemical assay. Nuclei were stained with DAPI (4=,6-diamidino-2-phenylindole). Scale bars, 20 �m. (C)
WT, FADD�/�, and Drp1�/� MEFs were transfected with mitotracker (mito-GFP) for 24 h and treated with 20 �M A23187 for 3 h.
Mitochondrial fragmentation ratios were determined by counting the cells showing fragmented mitochondria among total GFP-
positive cells (each group, �100 cells). *, P � 0.05; **, P � 0.01. Scale bars, 10 �m. (D) FADD�/� MEFs were transfected with mito-GFP
and pcDNA (EV), HA-FADD WT, or HA-FADD K120/125/149R mutant (3KR) for 24 h and then exposed to 10 �M A23187 for 3 h. The
mitochondrial fragmentation assay was assessed as for panel C. *, P � 0.05. (Inset) The cell lysates were examined by Western blotting.

(Continued on next page)
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A23187 treatment (Fig. 3F). Furthermore, we investigated the necessity of FADD SUMO
modification in A23187-induced necrosis. While ectopic expression of FADD WT po-
tentiated A23187-induced necrosis, the FADD 3KR mutant showed a 4-fold-lower
stimulatory effect than FADD WT on A23187-induced necrosis at 3 h (Fig. 3G). In
addition, cell death triggered by A23187 was significantly suppressed by knockdown of
PIAS3 expression (see Fig. S6 in the supplemental material). In summary, these results
demonstrate that SUMO-modified FADD is required for caspase-independent necrotic
cell death.

SUMOylated FADD interacts with Drp1 to promote Drp1 translocation to
mitochondria. Since we observed that Drp1 accumulated on the mitochondria upon
A23187 treatment and also observed that FADD was required for mitochondrial frag-
mentation, we hypothesized that FADD-mediated mitochondrial fragmentation might
depend on Drp1 activity. To test this hypothesis, we examined the effects of the Drp1
K38A dominant-negative mutant, which lacks GTPase activity and thus prevents Drp1
translocation to the mitochondria upon mitochondrial fragmentation. As expected,
ectopic expression of the Drp1 K38A mutant abolished FADD-induced mitochondrial
fragmentation in HeLa cells (Fig. 4A). We then addressed how FADD functionally
regulated Drp1 activity. Immunoprecipitation assays indicated that FADD interacted
with Drp1 in the mitochondrial and cytosolic fractions of cells treated with A23187 but
not in those of untreated cells (Fig. 4B). In addition, the results of in vitro binding assays
using combinations of purified proteins illustrated that SUMOylated FADD presented a
much higher affinity for Drp1 protein than did unmodified FADD (Fig. 4C). Furthermore,
as observed for endogenous FADD, immunoprecipitation assays showed that the
HA-FADD WT interacted with Drp1 in the mitochondrial fractions of HeLa cells that had
been treated with A23187. In contrast, the FADD 3KR mutant failed to interact with
Drp1 regardless of A23187 treatment (Fig. 4D). These observations suggest that
SUMOylated FADD interacts with Drp1 during mitochondrial fragmentation.

When we addressed which mitochondrial Drp1 receptor/adaptor is utilized for
FADD/Drp1-mediated mitochondrial fragmentation, we found that mitochondrial fis-
sion factor (Mff) bound to FADD under calcium stress but that other receptors, such as
Fis1, MiD49, and MiD51, did not (Fig. 4E). Drp1 was also detected in the same protein
complex by immunoprecipitation assay. We then questioned whether FADD was
required for Drp1 recruitment to the mitochondria. The results from fractionation
assays revealed that, in contrast to WT MEFs, lack of FADD expression in MEFs
apparently reduced Drp1 recruitment into the mitochondrial fraction after cells had
been treated with A23187 (Fig. 4F). These results indicate that FADD, especially
SUMOylated FADD, contributes to Drp1 recruitment onto the mitochondria, probably
by utilizing Mff in response to calcium overload.

FADD SUMOylation is required for hypoxic cell death. Both excessive calcium
influx and intracellular accumulation of calcium (resulting in overload) are frequently
observed under ischemic and hypoxic conditions (37). We examined FADD SUMOyla-
tion and its role in a physiological model of hypoxia. Immunoblot analysis revealed that
FADD was SUMOylated in HeLa cells after 24 h of hypoxia (conditions where O2 is �1%)
(Fig. 5A). In contrast, chelation of intracellular Ca2� with a calcium-binding compound,
BAPTA-AM, prevented hypoxia-induced FADD SUMOylation, indicating that calcium
plays a critical role in FADD SUMOylation under hypoxia. In addition, FADD SUMOyla-
tion was reduced at 4 h after reoxygenation following hypoxia (Fig. 5B). As in cells that
had been exposed to A23187, we could also detect SUMOylated FADD in the
mitochondrion-rich fraction of cells that had been exposed to hypoxic conditions for 24

FIG 3 Legend (Continued)
(E) FADD WT, FADD�/�, and Drp1�/� MEFs were treated with 20 �M A23187 for the indicated times, and cell death rates were
determined by counting the PI-positive cells. (F) Cells were treated as described for panel E, and cellular ATP levels were measured.
**, P � 0.01. (G) FADD�/� MEFs were pretreated with 25 �M IDN for 3 h and then cotransfected with pEGFP and FADD WT or FADD
K120/125/149R (3KR) mutant in the presence of 25 �M IDN for 24 h. After treatment with 20 �M A23187, cell death rates were
determined as for panel E. *, P � 0.05; **, P � 0.01. Shown are mean values and SD (n � 3).
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and 48 h (Fig. 5C). We then investigated whether FADD is required for cell death during
hypoxia. FADD knockdown in HeLa cells significantly inhibited mitochondrial fragmen-
tation under hypoxic conditions (Fig. 5D) and reduced hypoxia-induced cell death (Fig.
5E). Hypoxia-induced cell death was further suppressed in FADD knockdown in HeLa
cells treated with a caspase inhibitor (Fig. 5E), indicating that FADD is a key regulator
of necrosis.

When we examined FADD SUMOylation in the mouse brain after ischemic injury from
middle cerebral artery occlusion (MCAO), we found that mouse FADD was SUMOylated in
the ischemic damage core but not in the nonischemic contralateral region (Fig. 5F). While

FIG 4 FADD SUMOylation is essential for interaction with Drp1 and mitochondrial recruitment of Drp1. (A) HeLa/Mito-RFP cells were
cotransfected with FADD WT, alone or together with the Drp1 K38A mutant, in the presence of 25 �M IDN. (Bottom) After 24 h, the
cells were incubated with 10 �M A23187 for 1 h and analyzed by immunoblotting. (Top) A mitochondrial fragmentation assay was
assessed as for Fig. 3C (each group, �100 cells). Shown are mean values and SD (n � 3). (B) After treatment with 20 �M A23187 for
3 h, cytosolic and mitochondrial fractions of HeLa cells were analyzed by IP assay using anti-FADD antibody (top) or input was
examined by immunoblotting (bottom). (C) (Top) Purified Myc-Drp1 protein was incubated with in vitro SUMOylated His6-FADD and
native His-FADD protein, and the reaction mixtures were then subjected to IP assay using anti-Drp1 antibody. (Bottom) Immunopre-
cipitates and input were analyzed by immunoblotting. (D) HeLa cells were transfected with either HA-FADD WT or HA-FADD
K120/125/149R (3KR) mutant in the presence of 25 �M IDN for 24 h and treated with 10 �M A23187 for 1 h. Cytosolic and
mitochondrial fractions were analyzed by IP assay using anti-HA antibody. (E) HeLa cells were cotransfected with HA-FADD and
GFP-Fis1, GFP-Mff, GFP-MiD49, or GFP-MiD51 in the presence of 25 �M IDN for 24 h. After treatment with 20 �M A23187 for 3 h,
cytosolic and mitochondrial fractions were subjected to IP assay using anti-HA antibody. (F) FADD�/� and FADD�/� MEFs were treated
with 20 �M A23187 for 3 h. Cytosolic and mitochondrial fractions were analyzed by immunoblotting.
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the expression levels of FADD and Drp1 were unchanged, immunoprecipitation assays
showed that ischemic damage in the mouse brain increased the interaction of FADD and
Drp1 in the ischemic damage core (Fig. 5G). These results indicate that FADD is SUMOylated
and interacts with Drp1in the mouse brain during ischemic injury.

FIG 5 FADD is SUMOylated and interacts with Drp1 during ischemic stroke. (A) HeLa cells were exposed to normoxic (20% O2) or hypoxic
(1% O2) conditions in the presence of 10 �M BAPTA-AM for the indicated periods. Cell extracts were analyzed by immunoblotting using
anti-FADD antibody. (B) HeLa cells were exposed to experimental normoxia, hypoxia, and hypoxia-reoxygenation (Reoxy) (subsequently
exposed to 20% O2) for the indicated periods. Cell extracts were analyzed by immunoblotting. (C) HeLa cells were incubated under hypoxic
conditions for the indicated times, and cytosolic and mitochondrial fractions were analyzed by immunoblotting. (D) HeLa cells were
cotransfected with pEGFP, mito-RFP, and either pSUPER.neo (shControl) or FADD shRNA (shFADD) for 48 h and then exposed to hypoxia
for 24 h. Mitochondrial morphology in GFP-positive cells (at least 100 cells per group) was analyzed by fluorescence microscopy (top), and
percentages of mitochondrial fragmentation were determined (bottom). (Inset) Cell extracts were analyzed by immunoblotting. *, P �
0.05. Scale bars, 10 �m. (E) HeLa cells were transfected with pEGFP and either pSUPER.neo (shControl) or FADD shRNA (shFADD) for 48
h. The cells were then exposed to hypoxia in the presence of 25 �M IDN, and cell death rates were determined after staining with PI. **,
P � 0.01; ***, P � 0.001. Shown are mean values and SD (n � 3). (F and G) Three-month-old male BALB/c mice were subjected to MCAO
for 30 min as described in Materials and Methods. Brain lysates (except the cerebellum) were then prepared from the nonischemic
(contralateral [C]), ischemic (ipsilateral [I]), and sham control (S) hemispheres and subjected to immunoblotting (F) or IP assay using
anti-FADD antibody (G). The immunoprecipitates and whole-cell lysates (Input) were analyzed by immunoblotting.
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Caspase-10 forms a ternary protein complex with SUMO-FADD/Drp1 for ne-
crosis. Since FADD is known to bind to proximal caspases, such as caspase-8 and
casepase-10, we examined a possible role for these caspases in A23187-induced
necrosis. Using short hairpin RNAs (shRNAs), we reduced the protein levels of FADD,
caspase-8, and caspase-10 (Fig. 6A). To our surprise, we found that the caspase-10
knockdown, but not the caspase-8 knockdown, blocked A23187-induced cell death as
much as the FADD knockdown did (Fig. 6B). When we examined subcellular localization
of caspase-10 during cell death, it was detected in both the mitochondrial and cytosolic
fractions of cells that had undergone treatment with A23187 (Fig. 6C). Consistently,
deficiency of caspase-10 but not caspase-8 also inhibited A23187-induced mitochon-
drial fragmentation (Fig. 6D; see Fig. S7 in the supplemental material). These results
indicate that caspase-10 is required for A23187-induced necrosis.

In addition, immunoprecipitation assays revealed that caspase-10 was recruited into
the FADD/Drp1 complex in FADD WT MEFs upon A23187 treatment (Fig. 6E). Owing to
the lack of caspase-10 in the WT mouse, MEFs were transfected with human caspase-10.
However, this caspase-10/FADD/Drp1 complex was not observed in FADD knockout
MEFs (Fig. 6E), indicating that FADD is required for the formation of the caspase-10/
FADD/Drp1 complex. Notably, in vitro binding assays clearly showed that purified
caspase-10 protein formed a ternary protein complex with SUMOylated FADD and
myc-Drp1 (Fig. 6F). Moreover, immunoprecipitation assays showed that caspase-10
interacted with FADD and Drp1 only in the mitochondrion-rich fraction but not in the
cytosolic fraction of cells that had undergone A23187 treatment (Fig. 6G). In contrast,
caspase-8 was not observed in the FADD-Drp1 protein complex. These observations
strongly indicate that caspase-10 forms a protein complex with SUMOylated FADD/
Drp1 on the mitochondrial membrane during necrosis.

Caspase-10 mutants identified in human diseases regulate Drp1 oligomeriza-
tion and necrosis differently. According to the results shown in Fig. 6G, A23187
treatment induced the formation of highly ordered oligomeric Drp1—an active form of
Drp1 for mitochondrial fission (38)—in the mitochondrial fraction. To evaluate the
possible role of caspase-10 in A23187-induced mitochondrial fragmentation, we as-
sessed the effects of its knockdown on Drp1 oligomerization. Western blotting under
nonreducing conditions revealed that reduction of caspase-10 expression significantly
abrogated A23187-induced Drp1 oligomerization in A23187-treated HeLa cells (Fig. 7A).
In contrast, inhibition of Drp1 oligomerization was not significantly affected by the
caspase-8 knockdown. Conversely, ectopic expression of caspase-10 in the MCF-7
human breast cell line, which normally does not express caspase-10, markedly in-
creased the level of oligomeric Drp1 (Fig. 7B, top) and necrosis (Fig. 7B, bottom). Ectopic
expression of caspase-10 in cells exposed to A23187 had the same effects. These results
indicate that caspase-10 might regulate Drp1 oligomerization for mitochondrial frag-
mentation during necrosis.

Previous studies showed that in autoimmune lymphoproliferative syndrome (ALPS)
type II, non-Hodgkin lymphoma, and gastric cancer, five mutations of caspase-10
(V410I, L285F, L24I, A414V, and V491L) impair apoptosis (11–13). The notion that
caspase-10 is crucial for necrosis led us to evaluate the activities of these capspase-10
mutants in FADD/Drp1-mediated mitochondrial fragmentation and necrosis. Consistent
with the previous reports, overexpression analyses revealed that all of the caspase-10
mutants significantly blocked apoptosis induced by TNF-related apoptosis-inducing
ligand (TRAIL) (Fig. 7C). As could be expected, A23187-induced mitochondrial fragmen-
tation was accelerated by ectopic expression of caspase-10 WT. Interestingly, the
caspase-10 L285F and V414L mutants displayed distinct activities on mitochondrial
fragmentation in the cells treated with A23187 (Fig. 7D). The caspase-10 L285F mutant,
which is detected in ALPS type II (13), more potently increased mitochondrial fragmen-
tation; the caspase-10 A414V mutant, which is mainly detected in non-Hodgkin lym-
phoma (12), was less effective in inducing mitochondrial fragmentation than
caspase-10 WT. Furthermore, the caspase-10 L285F mutant greatly increased Drp1
oligomerization in the transfected MCF7 cells, and the caspase-10 A414V mutant was
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FIG 6 Caspase-10 is essential for necrosis and forms a ternary protein complex with SUMO-FADD/Drp1. (A and B) HeLa cells were
transfected with FADD-targeting shRNA, caspase-8-targeting shRNA, caspase-10-targeting shRNA, or Drp1 K38A mutant, together with
GFP, for 48 h and treated with 20 �M A23187 for the indicated times. (A) The cells were analyzed for expression of the proteins by
immunoblotting. (B) After staining with PI, cell death rates were measured as described in the legend to Fig. 3. *, P � 0.05; **, P � 0.01.
(C) HeLa cells were left untreated or were treated with 20 �M A23187. Mitochondrial and cytoplasmic fractions were analyzed via
immunoblotting using anti-caspase-10 antibody. (D) HeLa cells were transfected with FADD-targeting shRNA, caspase-8-targeting shRNA,
caspase-10-targeting shRNA, or Drp1 K38A mutant, together with mito-RFP. After 48 h, the cells were treated with 10 �M A23187 for 2
h. Mitochondrial morphology in RFP-positive cells was analyzed by fluorescence microscopy, and the percentages of cells (from a sample
of at least 100) showing fragmented mitochondria were determined. *, P � 0.05; **, P � 0.01. (Inset) Cell lysates were analyzed by Western
blotting. (E) FADD�/� and FADD�/� MEFs were transfected with caspase-10 for 24 h and then treated with 20 �M A23187 for 3 h. The

(Continued on next page)
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less effective than caspase-10 WT (Fig. 7E). Consistent with their effects on mitochon-
drial fragmentation, the caspase-10 L285F mutant potentiated A23187-induced ne-
crotic cell death, while the caspase-10 A414V mutant was less effective than caspase-10
WT (Fig. 7F). These results suggest that caspase-10 mutations observed in human
diseases might distinctly regulate necrosis through Drp1 oligomerization indepen-
dently of their apoptosis-modulating activity.

DISCUSSION

SUMOylation mostly occurs at the consensus motif �-K-X-D/E (where � is a
hydrophobic residue, K is the lysine conjugated to SUMO, X is any amino acid, and D
or E is an acidic residue) in target proteins via the action of a single E2 enzyme (UBC9)
(39). According to our observations, three lysine residues (Lys120, Lys125, and Lys149)
in the FADD death domain contribute to its SUMO modification; the sequences
surrounding the three lysines in FADD, 119LKVS122, 124TKID127, and 148WKNT151, are not
consistent with the canonical SUMOylation motif. Recent evidence extends this con-
sensus SUMO acceptor motif to two additional exceptions, the phosphorylation-
dependent SUMOylation motif (PDSM) and the negatively charged amino acid-
dependent SUMOylation motif (NDSM) (40). While phosphorylation at the serine 198
residue in human FADD occurs upon signaling, both the FADD phosphomimic and the
FADD-dead mutant are also conjugated with SUMO2 (data not shown). Thus, the lysine
residues in FADD also do not coincide with PDSM. In some cases, SUMO acceptor
lysines, such as the Lys14-containing SUMO acceptor site (13FKEW16) in the human
ubiquitin conjugation enzyme E2-25K, do not require acidic residues for their SUMO-
ylation but are recognized in the context of a stable �-helix (40). Similarly, the three
lysines in FADD are part of an �-helix and are in close proximity to the secondary
structure. While a single mutation at lysine 120 did not affect FADD SUMOylation, we
found that, compared to triple mutations at lysines 125, 149, and 153, triple mutations
at lysines 120, 125, and 149 abolished FADD SUMOylation. This might be due to
compensatory conjugations at the proximal lysine 120 when both lysine 125 and 149
were mutated.

Among SUMOylation-induced regulations, altered functions in apoptosis were re-
ported in a few cases (41–43). While FADD was recently reported to participate in
necroptosis as a negative regulator after its ubiquitination (2), we did not observe FADD
SUMOylation in apoptosis or in necroptosis. In the past decade, the concept of
“regulated necrosis” has generated considerations of more—and different—forms of
necrotic cell death, such as necroptosis, ferroptosis, oxytosis, ETosis, NETosis, cyclophilin
D (CypD)-mediated regulated necrosis, and pyroptosis, all based on their initiating
mechanisms. The best-studied model of regulated necrosis is probably necroptosis. In
general, TNF-induced necroptosis is initiated by the kinase activities of RIPK1 and RIPK3,
and this necrosis is promoted by lack of FADD or lack of caspase-8. In contrast, calcium
overload-induced necrosis at least does not require RIP3 and was rather suppressed by
a lack of FADD. Similar RIPK1/RIPK3-independent necrosis is also found in CypD-
mediated regulated necrosis during H2O2 treatment and Shigella flexneri infection (44).
However, this calcium overload-induced necrosis is different from CypD-mediated
regulated necrosis in that calcium overload disrupts mitochondria before the CypD-
dependent mitochondrial permeability transition pore opening occurs. We propose
that calcium overload-induced necrosis is mediated by SUMOylated FADD indepen-
dently of RIP3.

We found this type of cell death in Ca2� overload/hypoxia-induced necrosis, which

FIG 6 Legend (Continued)
cell lysates were subjected to IP assay using anti-Drp1 antibody. (F) Purified Myc-Drp1 protein was incubated with in vitro SUMOylated
His6-FADD and His–caspase-10 proteins, followed by IP assay using anti-Drp1 antibody. (G) HeLa cells were transfected with FADD-HA for
24 h cells in the presence of 25 �M IDN and were then treated with 20 �M A23187 for 3 h. Cytosolic and mitochondrial fractions were
subjected to IP assay using anti-FADD antibody, followed by immunoblotting under nonreducing conditions. Shown are mean values and
SD (n � 3).
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FIG 7 Caspase-10 L285F and A414V mutants detected in human diseases differentially regulate necrosis through affecting Drp1 oligomerization. (A) HeLa cells
were transfected with caspase-10 shRNA or caspase-8 shRNA for 48 h. After treatment with 10 �M A23187 for 6 h, the mitochondrial fraction was subjected
to immunoblotting under nonreducing conditions. (B) MCF-7 cells were transfected with pcDNA (�) or caspase-10 (�) for 24 h and treated with 20 �M A23187
for the indicated times. (Top) Cell extracts were subjected to immunoblotting under nonreducing conditions. (Bottom) Cell death rates were determined by
staining with PI. (C) (Top) MCF-7 cells were transfected with GFP and pcDNA (�), caspase-10 WT, or one of the caspase-10 mutants (either V410I, L285F, L24I,

(Continued on next page)
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requires Drp1. In general, Drp1-mediated mitochondrial fission is a widespread phe-
nomenon observed in the processes of apoptosis and necrosis. During apoptosis,
Drp1-induced fission is related to mitochondrial outer membrane permeabilization,
cytochrome c release, and caspase activation. For necrosis, unbalanced mitochondrial
fission leads to ATP depletion, mitochondrial clustering around nuclei, and cell rupture.
Nevertheless, mitochondrial-fission-associated necrosis is poorly understood. Our re-
sults have uncovered a mechanism of regulated necrosis in which Drp1-dependent
necrosis is under the control of FADD. This finding is highlighted by the fact that
SUMOylated FADD physically interacts with Drp1. The resulting FADD/Drp1 complex
translocates to the mitochondria for mitochondrial-fragmentation-mediated necrosis.
While recent evidence has shown that Drp1 triggers necrosis through opening the
MPTP either under ischemic/reperfusion conditions (45) or independently (46), we
scarcely observed the opening of MPTPs during necrosis triggered by A23187 treat-
ment.

During ischemic stroke, ischemic cores, where brain regions sustain severely im-
paired blood flow, undergo necrotic cell death; this is in contrast with the ischemic
penumbra, which is prone to apoptosis (47). In the ischemic core, reduced ATP
production increases intracellular calcium levels by opening two glutamate ionotropic
receptors to trigger necrotic cell death in neurons. In an MCAO model, our observations
that FADD was SUMOylated and interacted with Drp1 in the ischemic damage core
provide a molecular mechanism underlying the necrotic damage that occurs within the
ischemic core. In nonexcitable HeLa cells, hypoxia-induced calcium influx is unclear, but
we found that hypoxia-induced cell death was suppressed by a calcium chelator. Future
challenges involve investigating FADD SUMOylation in other types of necrotic cell
death and in many pathophysiologic conditions, such as a transgenic mouse model of
Huntington’s disease, cerulein-induced pancreatitis, and myocardial infarction (48–50).

Surprisingly, caspase-10, but not caspase-8, is critical in SUMO-FADD/Drp1-mediated
necrosis. Despite many studies, the functional differences between these two proximal
caspases occurring in humans remain unclear. In general, caspase-8 mediates extrinsic
apoptosis, so that caspase-8 deficiency is enough to block cell death. In our study,
caspase-10 bound to only SUMOylated FADD/Drp1 to execute regulated necrosis,
during which caspase-10 seemed to modulate Drp1 oligomerization. Recent studies
demonstrated the role of Mff in the oligomerization of Drp1. Drp1 itself undergoes
self-assembly via the middle and GED domains, and this assembly is stimulated by the
presence of Mff at the membrane via the formation of extended filamentous structures
(51, 52). Caspase-10 is also known to be activated by self-aggregation and to associate
with signaling molecules through the death effector domain (DED) and the DD (53).
Therefore, the oligomerization of Drp1 can be influenced by the properties of
caspase-10 to form oligomers. Like Mff, the binding of caspase-10 to Drp1 might also
trigger conformational changes of Drp1 to promote Drp1 oligomerization. Further-
more, the variable domain (VD) that resides between the middle domain and the GED
domain of Drp1 has been shown to have a role in the regulation of Drp1 oligomeriza-
tion. The VD contains multiple SUMOylation sites and two phosphorylation sites.
Among them, phosphorylation of serine 616 inhibits Drp1 oligomerization (54). Thus,
the interaction between caspase-10 and Drp1 may affect the oligomerization of Drp1
by disrupting such posttranslational modifications. Of course, there might be more
factors that alter the assembly properties of Drp1 for mitochondrial fission.

FIG 7 Legend (Continued)
A414V, or V491L) for 24 h. The cells were then treated with 25 ng/ml TRAIL for 8 h, and cell death rates were determined by staining with PI. (Bottom) Cell
extracts were examined by Western blotting. (D) MCF-7 cells were cotransfected with mito-RFP and pcDNA (EV), caspase-10 WT, or a caspase-10 mutant for 24
h. After treatment with 20 �M A23187 for 12 h, mitochondrial fragmentation was observed with a confocal microscope (top), and the percentages of T cells
showing mitochondrial fragmentation in each group were determined (bottom). *, P � 0.05; **, P � 0.01, ***, P � 0.001. Scale bars, 10 �m. (E and F) MCF7
cells were transfected with pcDNA (EV), caspase-10 WT, or caspase-10 mutant for 24 h and treated with 20 �M A23187 for 12 h (E) or 24 h (F). Cell extracts
were subjected to immunoblotting under nonreducing conditions (E), or cell death rates were determined by staining with PI (F). *, P � 0.05; **, P � 0.01. (G)
FADD is SUMOylated on three lysines under calcium stress, and the resulting SUMOylated FADD binds to Drp1 to recruit it to the mitochondria. Caspase-10
forms a protein complex with SUMO-FADD/Drp1 and its activity-independent function stimulates Drp1 oligomerization for mitochondrial fragmentation during
regulated necrosis. Shown are mean values and SD (n � 3).
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In the mouse, there is only one proximal caspase that generally shares its apoptotic
activity characteristics with human caspase-8. However, the presence of this signaling
pathway employing SUMOylated FADD/Drp1/caspase in the mouse MCAO model and
in MEFs implies that a murine proximal caspase might also have properties similar to
human caspase-10, at least for this type of cell death (55–57). More interestingly, this
function of caspase-10 was independent of its enzymatic activity and was differentially
affected by the caspase-10 mutations identified in human diseases. Notably, the
caspase-10 A414V and L285F mutations are exclusively found in non-Hodgkin lym-
phoma (30% of total cancers) and ALPS, respectively. Until now, the pathophysiological
significance of these mutations has been interpreted only within the context of
apoptosis. However, the notion that necrosis is highly implicated in inflammation in
many disease models leads us to speculate that caspase-10 mutations, such as
caspase-10 A414V and caspase-10 L285F, may contribute to pathogenesis through our
working model of SUMO-FADD-mediated necrosis (Fig. 7G).

In summary, we have identified a novel pathway of regulated necrosis that utilizes
SUMOylated FADD and caspase-10 and regulates Drp1-mediated mitochondrial frag-
mentation. In particular, FADD SUMOylation is crucial during necrosis under calcium
overload and hypoxic/ischemic conditions. This promises to provide many insights into
the development of new therapeutic modalities.

MATERIALS AND METHODS
The full experimental procedures are described in the supplemental material.
Cell culture and antibodies. Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

(HyClone) supplemented with 10% fetal bovine serum (FBS) (HyClone). Drp1 knockout MEFs and FADD
knockout MEFs were kind gifts from K. Mihara (Kyushu University, Japan) and J. Chang (Thomas Jefferson
University), respectively. The antibodies used in this study are described in the supplemental material.
Transfection was carried out with Lipofectamine (Invitrogen), Polyfect reagent (Qiagen), or PEI (Sigma),
following the manufacturers’ instructions.

Measurement of cell death. Cells were stained with PI (1 �g/ml), after which necrotic cell death was
assessed by counting the PI-positive cells showing plasma membrane destruction and ruptured mor-
phology (�300 cells) under a fluorescence microscope (Olympus).

Assays for SUMOylation. HA-FADD, Flag-Ubc9, and His-SUMOs were overexpressed in HEK293T cells
together with one of the PIASs. Cell lysates in denaturing buffer (5% SDS) were incubated with
Ni2�-NTA-agarose (Qiagen), and the bound proteins were resolved by immunoblot analysis. For assaying
SUMOylation of endogenous FADD, cell lysates were incubated with FADD antibody (G-4) overnight at
4°C and then with protein G-Sepharose (GE Healthcare). For in vitro SUMOylation assays, purified
GB1-FADD (2 mg), SUMO2 (2 mg), SAE1/SAE2 (0.5 mg), and Ubc9 (1 mg) proteins were incubated in 50
mM Tris-HCl (pH 7.5) containing 5 mM MgCl2 and 2 mM ATP. For E. coli SUMOylation, pET-FADD and
pTE1E2S1 or pTE1E2S2 were transformed into strain BL21(DE3), and bacterial cultures were treated with
1 mM IPTG for 5 h at 25°C.

Isolation of mitochondrion-enriched fraction. Cells were subjected to sonication with an Ultra-
sonic Processor 130 W (Sonics and Materials) in buffer A (250 mM sucrose, 20 mM HEPES-NaOH [pH 7.5],
2 mM EGTA [pH 7.2], 10 mM KCl, 1.5 mM MgCl2) at 4°C. After brief centrifugation at 1,000 � g for 10 min
at 4°C, the mitochondrial pellet was obtained by further centrifugation at 10,000 � g for 15 min, washed
with buffer B (1 mM EDTA, 10 mM Tris-HCl, pH 7.4), and spun at 10,000 � g again for 20 min at 4°C
(mitochondrion-rich fraction).

Measurement of the ATP level. Cells were lysed with 1� lysis buffer (Promega). After cooling in ice
for 10 min, the cell lysates were centrifuged (12,000 rpm at 4°C for 10 min), and the supernatant (50 �l)
was mixed with rL/L ATP substrate (50 �l) (Promega). The ATP bioluminescence of the reaction mixture
was measured immediately using a luminometer.

Model of MCAO. C57BL/6 mice (12-week-old males; 20 to 25 g) were anesthetized with a PBS-
zoletil-rompun mixture (60%:35%:5%) during surgical preparation by intraperitoneal injection. The right
common carotid artery was isolated, and a size 6-0 microfilament with a silicon rubber-coated tip
(diameter, 0.21 mm; Doccol Corporation) was inserted into the right MCA. After 30 min, the mice were
sacrificed or followed by reperfusion for 2 h by withdrawing the suture. Sham-operation mice underwent
the same procedure except for MCA blocking.

Statistical analyses. All statistical analyses were performed using a two-tailed Student t test or
one-way analysis of variance (ANOVA), following densitometric analysis with SigmaStat software.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
MCB.00254-16.

TEXT S1, PDF file, 4.7 MB.
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