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Tumor necrosis factor (TNF) is an important inﬂammatory cytokine
and induces many cellular responses, including inﬂammation, cell
proliferation, apoptosis, and necrosis. It is known that receptor
interacting protein (RIP) kinases, RIP1 and RIP3, are key effectors of
TNF-induced necrosis, but little is known about how these two RIP
kinases mediate this process, although reactive oxygen species
(ROS) generation and JNK activation have been suggested to be
two downstream events of RIP kinases. Here we report the
identiﬁcation of mixed lineage kinase domain-like, MLKL, as
a key RIP3 downstream component of TNF-induced necrosis.
Through screening a kinase/phosphatase shRNA library in human
colon adenocarcinoma HT-29 cells, we found that knockdown of
MLKL blocked TNF-induced necrosis. Our data suggest that MLKL
functions downstream of RIP1 and RIP3 and is recruited to the
necrosome through its interaction with RIP3. Finally, we found
that MLKL is required for the generation of ROS and the late-phase
activation of JNK during TNF-induced necrosis. However, because
these two events are not involved in TNF-induced necrosis in HT-29
cells, the target of MLKL during TNF-induced necrosis remains
elusive. Taken together, our study suggests that MLKL is a key
RIP3 downstream component of TNF-induced necrotic cell death.

T

umor necrosis factor (TNF) is a pleiotropic inﬂammatory
cytokine and plays a critical role in diverse cellular events,
including cell proliferation, differentiation, apoptosis, and necrosis (1, 2). TNF is also a major mediator of both inﬂammation
and immunity and is involved in many pathological conditions
and autoimmune diseases, such as rheumatoid arthritis and
Crohn disease (3). Since its tumoricidal activity was discovered,
the TNF pathway has been one of the most studied signaling
pathways (4). In almost all types of cells treated with TNF, the
transcription factor NF-κB and three MAP kinases, ERK, JNK,
and p38, are activated and, occasionally, apoptotic or necrotic
cell death can be induced as well (5, 6).
The molecular mechanisms of TNF signaling have been signiﬁcantly worked out. It is known that the binding of TNF
homotrimer to TNF-receptor 1 (TNF-R1) initiates the formation
of TNF-R1 signaling complex by recruiting several adaptor/
effector proteins. TRADD (TNF-R1–associated death domain
protein) is the ﬁrst protein to interact with the receptor through
its death domain and recruits other effector proteins, such as
RIP1 (receptor interacting protein) and TRAF2 (TNFR-associated factor 2) to form the TNF-R1 signaling complex leading to
the activation of several pathways, including NF-κB and MAP
kinases (1, 2). Both TRAF2 and RIP1 are necessary for the activation of NF-κB and MAP kinase pathways through recruiting
IKK (IκB kinase) and MAP3Ks to the complex (7). Under certain
conditions, the complex of TRADD, RIP1, and TRAF2 proteins
dissociates from the receptor and recruits other proteins to form
different secondary complexes to mediate apoptosis and necrosis
(8, 9). Apoptosis is primarily initiated through the recruitment of
the death domain protein FADD (Fas-associated death domain
protein), whereas necrosis needs the presence of RIP3 (receptor
interacting protein 3) in these secondary complexes respectively
(5, 10). FADD recruits and induces dimerization and activation
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of the autocatalytic activation of the initiator cysteine proteases
caspases 8 and 10, which drive apoptosis (11, 12).
Although the mechanism of TNF-induced apoptotic cell death
is well elucidated, the signaling events that lead to TNF-initiated
necrotic death, which has recently been named necroptosis
(13, 14), are still largely unknown. Caspase-independent necrotic
cell death has been proposed to involve the generation of reactive oxygen species (ROS) derived from mitochondria (9, 15–
18). ROS may mediate necrotic cell death through inactivating
MAPK phosphatases, which leads to sustained JNK activation
(19). The protein RIP1 is necessary for the generation of ROS by
TNF and is required for the initiation of necrotic cell death (20).
RIP1 is cleaved by caspase 8 during the apoptotic process (21),
which may limit its ability to activate the pathway(s) of ROS
generation. More recently, RIP3 has been found to be essential
for TNF-induced necrotic cell death (10, 22, 23). Through its
interaction with RIP1, RIP3 is needed for TNF-induced necrosis,
but not for other TNF-induced signaling pathways (23). It has
been found that the kinase activity of both RIP1 and RIP3 is
essential for TNF-induced necrosis, but the downstream target
(s) of these kinases are still unknown, although RIP1 and RIP3
are phosphorylated through their interaction (10).
In the current study, we report the identiﬁcation of mixed
lineage kinase domain-like (MLKL) as a key RIP3 downstream
component of TNF-induced necrosis. Through screening a kinase/phosphatase shRNA library in human colon adenocarcinoma HT-29 cells, we found that knockdown of MLKL blocked
TNF-induced necrosis. MLKL functions downstream of RIP3
because its knockdown does not affect the interaction of RIP1
and RIP3 and the phosphorylation of these two kinases. We also
found that MLKL interacts with RIP3, but not RIP3 kinase dead
mutant, and is recruited to the necrotic signaling complex. Finally, we found that MLKL is required for the generation of
ROS and the late-phase activation of JNK during TNF-induced
necrosis. Thus, our study suggests that MLKL is a key RIP3
downstream component of TNF-induced necrotic cell death.
Results
Although RIP1 and RIP3 are known key regulators of TNF-induced necrosis, little is known about how these two kinases
mediate the process. To identify additional components involved
in TNF-induced necrosis, we made use of a powerful retroviral
short hairpin RNA (shRNA)-mediated genetic screen to identify
genes leading to loss-of-function phenotypes. Our approach was
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Fig. 1. Loss of MLKL protects against cell death in necrotic conditions but
not apoptosis. (A) MLKL shRNA clones target full-length MLKL variant
(shRNA-A) or the short isoform (shRNA-B). (B) HT-29 clones infected with
either control shRNA (FFshRNA) or MLKLshRNA-A (clone shMLKL 1–3-2) or
MLKLshRNA-B (clone shMLKL 1–3-1), were treated with TNF (30 ng/mL),
Smac mimetic (SM-164 10 nM), and z-VAD-fmk (20 μM) (TSZ) for 24 or 48 h.
Cell survival was determined by MTT. (C, Left) MLKLshRNA-A cells cotransfected with pCMV-LacZ and either control FLAG-vector or FLAG-MLKL-rWT
(MLKL shRNA-resistant mutation). After 24 h, cells were either untreated
(control) or treated with TSZ for 24 h. Cell survival was determined by
counting LacZ+ cells and normalized to untreated cells. (Right) Immunoblot
analysis of MLKLshRNA-A cells transfected with either control FLAG-vector or
FLAG-MLKL using anti-FLAG or antiactin antibodies. (D) HT-29 clone
MLKLshRNA-A cells were treated with apoptotic conditions [TNF (30 ng/mL)
and Smac mimetic (SM-164 10 nmol) (TS) or TNF (30 ng/mL) and CHX (10 μg/
mL) (TC)] or necrotic conditions (TSZ or TCZ) for 48 h. Cell survival was
determined by MTT. (Right) Immunoblot analysis of HT-29 clones infected
with FFshRNA or MLKLshRNA-A with anti-MLKL or anti-Actin antibodies.

2A, knockdown of MLKL does not block RIP1–RIP3 interaction
because RIP3 was coprecipitated with RIP1 in MLKLshRNA-A
cells as efﬁciently as it was in FFshRNA cells. In addition, because RIP3 phosphorylation will cause RIP3 mobility decrease
and result in a slightly larger band compared to nonphosphorylated RIP3, the results shown in Fig. 2A indicated that knockdown of MLKL does not affect RIP3 phosphorylation during
TNF-induced necrosis. Therefore, MLKL most likely functions
downstream of RIP1 and RIP3. After we identiﬁed MLKL as
a key component of TNF-induced necrosis, we searched the
literature for clues about MLKL function, but found no report
except a patent (25) on the potential function of MLKL. In the
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to use several available shRNA libraries including a kinase/
phosphatase shRNA library (24) to knock down a large number
of genes and then screen for shRNAs that protect cells from
TNF-induced-necrosis. Because these shRNA libraries were
designed for knocking down human genes (24), we chose human
colon adenocarcinoma HT-29 cells, which are sensitive to TNFinduced necrosis (23), to carry out our screening. To screen the
kinase/phosphatase shRNA library that has 2,951 different
shRNAs, HT-29 cells were infected with the retroviral shRNA
library and were then treated to undergo necrosis by the combination of TNF, Smac mimetic, and caspase inhibitor benzyloxycarbonyl-Val-Ala-Asp-ﬂuoromethylketone (z-VAD-fmk) (TSZ)
(Fig. S1). Surviving clones were selected for conﬁrmation of
necrotic resistance and for identiﬁcation of the corresponding
shRNAs by PCR and DNA sequencing (24). Among the 50
clones selected for sequencing, 6 had two different shRNAs
targeting the gene, mlkl.
MLKL is predicted as a kinase-like protein and has two
transcript variants produced by alternative splicing. MLKL variant 1 is the longer transcript and encodes the full length isoform
of a 471-amino-acid protein and the variant 2 lacks exons 4–8
and encodes the short isoform of a 263-amino-acid protein, although the two isoforms of MLKL have the same N- and C
termini (25). The full length MLKL, but not the shorter isoform
of the gene, has one putative protein kinase domain (25). As
shown in Fig. 1A, ﬁve of the six MLKL shRNA clones have
MLKLshRNA-A, which targets the full-length MLKL, and the
other clone has MLKLshRNA-B, which targets both MLKL
transcript variants. Compared to control ﬁreﬂy (FF)shRNA
clones, all of these six MLKL shRNA clones are resistant to
necrotic death (Fig. 1B). Because there is no difference in sensitivity to necrosis among these six clones, clone 1-3-2 containing
MLKLshRNA-A is used as a representative in the rest of the
experiments involving MLKL shRNA knockdown cells, whereas
the results were veriﬁed in other clones as well. To rule out the
off-target effect of the MLKLshRNA-A on TNF-induced necrosis, a MLKLshRNA-A–resistant MLKL mutant, MLKL-rWT,
was introduced back into MLKLshRNA-A HT-29 cells. As
shown in Fig. 1C, the ectopic expression of MLKL-rWT restored
the sensitivity of cells to TNF-induced necrosis, indicating that
the insensitivity of MLKLshRNA-A cells to necrosis is speciﬁcally due to the knockdown of MLKL. To examine whether
MLKL is speciﬁc for necrosis, we treated MLKLshRNA-A and
FFshRNA cells with TNFα and Smac mimetic (TS) or TNFα
and cycloheximide (TC) for 48 h to induce apoptosis (23).
Cells were also induced to undergo necrosis in treatments with
TSZ or TNFα, cycloheximide, and z-VAD-fmk (TCZ). Whereas
MLKLshRNA-A cells were resistant to TSZ or TCZ-induced
necrosis, the sensitivity of these cells to apoptosis was not altered
by MLKL knockdown compared with FFshRNA cells (Fig. 1D).
The speciﬁc involvement of MLKL in TNF-induced necrosis was
further conﬁrmed by siRNA knockdown experiments as shown
in Fig. S2, in which knockdown of MLKL with MLKL siRNA
only blocked TNF-induced necrosis, but had no effect on TNFinduced apoptosis. The efﬁciency of MLKLshRNA and siRNA
knockdown was examined by Western blotting and shown on the
Right of Fig. 1D and Fig. S2. In addition, when MLKL was
overexpressed in HEK293 cells, it caused cell death that could
not be blocked by caspase inhibitor (Fig. S3). Thus, these results
suggest that MLKL is speciﬁcally involved in necrosis but not
apoptosis by TNF treatment.
Recent studies found that the formation of RIP1 and RIP3
necrosome is essential for TNF-induced necrosis and this RIP1–
RIP3 interaction results in RIP3 phosphorylation (23). To determine whether MLKL functions upstream or downstream of
RIP1 and RIP3, we tested whether the knockdown of MLKL
disrupts the RIP1–RIP3 interaction and alters RIP3 phosphorylation. To examine the RIP1–RIP3 interaction during TNF-induced necrosis, we did immunoprecipitation experiments with
a RIP1-speciﬁc antibody in FFshRNA and MLKLshRNA-A cells
and then examined the recruitment of RIP3. As shown in Fig.

Fig. 2. MLKL interacts with RIP3. (A) HT-29 clones FFshRNA
and MLKLshRNA-A were treated with TSZ for the indicated times; cell lysates were immunoprecipitated with antiRIP1 antibody (IP:RIP1) and analyzed by immunoblot with
anti-RIP3, anti-RIP1, or anti-Actin antibodies. Input, 1% of
extract before immunoprecipitation (control). * indicates
phosphorylated RIP3. (B) HEK293 cells were transfected
with Myc-RIP1, RIP3-GFP, or FLAG-MLKL as indicated. After
24 h, cell lysates were immunoprecipitated with anti-FLAG
antibody (IP:FLAG) and analyzed by immunoblot with antiMyc, anti-GFP, or anti-FLAG antibodies. Input, 3% of extract
before immunoprecipitation (control). (C ) HEK293 cells
were transfected with Myc-RIP1, FLAG-MLKL, RIP3-GFP, or
RIP3D160N-GFP as indicated. After 24 h, cell lysates were
immunoprecipitated with anti-GFP antibody (IP:GFP) and
analyzed by immunoblot with anti-FLAG, anti-Myc, or antiGFP antibodies. Input, 3% of extract before immunoprecipitation (control). (D) HT-29 cell lysates were immunoprecipitated with anti-MLKL antibody (IP:MLKL) and
analyzed by immunoblot with anti-RIP3, anti-RIP1, and antiMLKL antibodies. Input, 1.5% of extract before immunoprecipitation (control). * indicates phosphorylated RIP3.

patent, the inventors claimed that MLKL interacts with RIP3
without showing any data. To ﬁnd out whether MLKL interacts
with RIP1, RIP3, or both, we ﬁrst expressed Myc-RIP1, RIP3GFP with/out FLAG-MLKL in HEK293 cells and examined
the potential interaction between MLKL and RIP1 or RIP3
by immunoprecipitation of MLKL with a speciﬁc anti-FLAG
antibody. As shown in Fig. 2B, RIP3, but not RIP1, was coprecipitated with MLKL. Interestingly, RIP1 was only pulled down
with MLKL in the presence of RIP3 (Fig. 2B). These data suggest that MLKL and RIP3 interact and that RIP3 bridges RIP1
and MLKL in the same complex. Because it has been shown that
RIP3 kinase activity is essential for its ability to mediate TNFinduced necrosis (10, 22, 23), we next examined whether the
kinase activity of RIP3 is necessary for its interaction with
MLKL. To do so, we performed similar immunoprecipitation
experiments as described in Fig. 2B except we included the RIP3
kinase dead mutant, RIP3D160N-GFP (10) and examined the
interactions between these proteins by immunprecipitation of
RIP3 or RIP3D160N with a GFP-speciﬁc antibody. As shown in
Fig. 2C, unlike the WT RIP3, which interacts with both RIP1 and
MLKL, the kinase dead mutant of RIP3 only interacts with
RIP1, but not MLKL. These results indicated that the kinase
activity of RIP3 is critical for its interaction with MLKL. Finally,
we examined whether endogenous MLKL was recruited to
RIP1/RIP3 necrosome following TSZ treatment. As shown in
Fig. 2D, both RIP1 and RIP3 (phosphorylated RIP3) were
coprecipitated with MLKL when an anti-MLKL antibody was
used for immunoprecipitation. Therefore, MLKL is a key component of the necrosome.
Because MLKL is predicted as a kinase-like protein and the
kinase activity of MLKL is suggested in the patent (25), we then
tested whether MLKL can function as a kinase using myelin
basic protein (MBP) as the substrate. To do so, empty vector and
FLAG-tagged MLKL were used to transfect HEK293 cells and
after immunoprecipitation of MLKL with an anti-FLAG antibody, in vitro kinase assays were performed. The FLAG-RIP1
and FLAG-RIP3 were used as positive controls. As shown in Fig.
5324 | www.pnas.org/cgi/doi/10.1073/pnas.1200012109

3A, MLKL modestly phosphorylated MBP compared with the
efﬁcient phosphorylation of MBP by RIP1 and RIP3. These
results indicated that MLKL may be an atypical kinase with weak
kinase activity. Because RIP3’s kinase activity is essential for its
interaction with MLKL, we next wanted to know whether the
kinase activity of MLKL is needed for its interaction with RIP3.
Therefore, we generated MLKL mutant by changing both lysine
residues within the MLKL ATP binding domain, K230 and
K331, to alanines. As shown in Fig. 3B, the MLKL double mutant, MLKL-K230A/K331A, lost its kinase activity. We then used
the MLKL double mutant to test the necessity of its kinase
activity for its interaction with RIP3. We expressed GFP-RIP3
with either FLAG-MLKL or FLAG-MLKL-K230A/K331A in
HEK293 cells and performed immunoprecipitation with antiFLAG antibody. As shown in Fig. 3C, both WT and mutant
MLKL pulled down RIP3 efﬁciently, indicating that the kinase
activity of MLKL is not critical for its interaction with RIP3.
We next examined whether this kinase mutant of MLKL is
still able to mediate TSZ-induced necrosis by cotransfecting
MLKLshRNA-A cells with MLKLshRNA-A resistant MLKLrWT, or MLKL-rK230A/K331A and LacZ plasmids while using
empty vector and LacZ as a control. As shown in Fig. 3D, the
expression of the mutant MLKL, MLKL-rK230A/K331A, did
not restore the sensitivity of the cells to TNF-induced necrosis,
whereas MLKL-rWT did. In addition, overexpression of this
kinase mutant of MLKL failed to induce necrotic cell death in
HEK293 cells (Fig. S4). Therefore, this mutation abolished
MLKL’s ability to mediate necrosis.
It has been suggested that the prolonged JNK activation and
the induction of ROS are important events in TNF-induced
necrosis, although the requirement of prolonged JNK activation
and ROS generation may be tissue/cell-type speciﬁc (7, 19, 23).
To investigate whether the knockdown of MLKL affects the latephase JNK activation, we examined JNK activation in the control
FFshRNA and MLKLshRNA-A cells at varying time points
under necrotic conditions. As shown in Fig. 4A, JNK was activated at two different phases following TSZ treatment in control
Zhao et al.

Fig. 3. MLKL kinase activity is required for necrosis. (A)
HEK293 cells were transfected with either FLAG-vector, FLAGMLKL, FLAG-RIP3, or FLAG-RIP1. After 24 h, cell lysates were
immunoprecipitated with anti-FLAG antibody and used for
in vitro kinase assay using MBP as substrate. Lysates were analyzed by Western blot with anti-FLAG antibody. (B) HEK293
cells were transfected with either FLAG-vector, or FLAG-MLKL,
or FLAG-MLKL-K230A/K331A mutant. After 24 h, cell lysates
were immunoprecipitated with anti-FLAG antibody and used
for in vitro kinase assay using MBP as substrate. Lysates were
analyzed by Western blot with anti-FLAG antibody. (C) HEK293
cells were transfected with FLAG-MLKL, RIP3-GFP, or FLAGMLKL-K230A/K331A as indicated. After 24 h, cell lysates were
immunoprecipitated with anti-FLAG antibody (IP:FLAG) and
analyzed by immunoblot with anti-FLAG or anti-GFP antibodies. Input, 5% of extract before immunoprecipitation
(control). (D, Left) MLKLshRNA-A cells were cotransfected with
pCMV-LacZ plasmid and either control FLAG-vector or MLKL
shRNA-resistant plasmids, FLAG-MLKL-rWT, or FLAG-MLKLrK230A/K331A for 24 h followed by treatment with TSZ for 24
h. Survival was determined by counting LacZ+ cells and normalized to untreated cells. (Right) Western blot analysis of
MLKLshRNA-A cells cotransfected with pCMV-LacZ plasmid and
either control FLAG-vector, or FLAG-MLKL-rWT, or FLAGMLKL-rK230A/K331A. After 24 h, cell lysates were immunoblotted with anti-FLAG and antiactin.

observation was further conﬁrmed when cells were induced to
undergo necrosis by TCZ treatment. As shown in Fig. 4B,
knockdown of MLKL clearly affects the phosphorylation of JNK
at 8 h post-TCZ treatment. Slower kinetics of JNK activation
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FFshRNA HT-29 cells: the immediate activation and the latephase activation. However, in MLKLshRNA-A HT-29 cells,
JNK was only activated at the early phase, indicating that MLKL
may be required for the late-phase JNK activation. This

Fig. 4. Loss of MLKL affects JNK phosphorylation. (A) HT-29 clones FFshRNA and MLKLshRNA-A were treated with TSZ for the indicated times; cell lysates
were analyzed by immunoblot with anti-pJNK or anti-JNK1 antibodies. (B) HT-29 clones FFshRNA and MLKLshRNA-A were treated with TCZ for the indicated
times; cell lysates were analyzed by immunoblot with anti-pJNK or anti-JNK1 antibodies. (C) HEK293 cells were transfected with either FLAG-vector, or FLAGMLKL, and/or HA-JNK1 as indicated. After 24 h, cell lysates were immunoprecipitated with anti-HA antibody and used for in vitro kinase assay using GST-cJun
(1–79) as substrate. Lysates were analyzed by immunoblot with anti-FLAG and anti-HA antibodies. * indicates nonspeciﬁc band. (D) HT-29 clones FFshRNA and
MLKLshRNA-A were treated with TSZ for the indicated times, stained with DCFDA, and analyzed by ﬂow cytometry. Gray line (NT) represents background ROS
in untreated samples. (E) L929 cells were infected with lentivirus, nontargeting (NT) or MLKL shRNA for 24 h followed by selection with puromycin for 48 h.
Cells were then untreated or treated with TNFα (30 ng/mL) for 8 h. Cell survival was determined by MTT assay. (Right) RT-PCR of L929 cells infected with NT or
MLKL shRNA with MLKL or GAPDH primers. (F) Diagram of the role of MLKL in RIP1/RIP3-dependent necrosis.
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under TCZ condition is consistent with the fact that TCZ
induces a slower necrotic response in these cells. In addition,
knockdown of MLKL does not have any effect on other TNFactivated pathways, including NF-κB activation (Fig. S5). To
further prove MLKL plays a role in the late-phase JNK activation, we tested whether MLKL overexpression leads to JNK
activation. To do so, HA-tagged JNK1 was cotransfected with
the empty vector or MLKL plasmid and JNK in vitro kinase
assays were performed with GST-cJun (1–79) as the substrate.
As shown in Fig. 4C, the presence of MLKL increased JNK kinase activity, indicating MLKL functions upstream of JNK. Next,
we determined whether the loss of MLKL affects ROS production under necrosis. We measured ROS production with 5
(6)-chlormethyl-2-7-dichlorodihydroﬂuorescene
diacetate
(DCFDA) staining in TSZ-treated control FFshRNA and
MLKLshRNA HT-29 cells at varying time points. Flow cytometry analysis showed that ROS production was dramatically increased at as early as 2 h in control FFshRNA cells, whereas no
increase in ROS was detected in MLKLshRNA-A cells (Fig.
4D), suggesting MLKL is required for ROS production during
necrosis as well. However, because the late-phase JNK activation and ROS generation are not essential for TNF-induced
necrosis in HT-29 cells (23), we further tested the role of MLKL
in mouse ﬁbroblasts and L929 cells, in which both JNK inhibition and ROS scavenging have a protective effect on TNFinduced necrosis (Fig. S6) (7). Similarly to what we found in HT29 cells, knockdown of MLKL by MLKL shRNA had an inhibitory effect on TNFα-induced necrosis in L929 cells (Fig. 4E).
Also, siRNA knockdown of MLKL in mouse embryonic ﬁbroblasts (MEFs) had a protective effect (Fig. S7). These data
suggest that the role of MLKL in TNF-induced necrosis is
a general phenomenon, regardless of cell types and whether
JNK activation and ROS generation are involved.
Discussion
Most recently, necrosis has been deﬁned as a controlled and
programmed death, which is both physiologically and pathologically relevant. The events leading to necrosis triggered by TNF
are just starting to be understood and, however, are still largely
elusive. Here, we describe the identiﬁcation of MLKL protein
belonging to the protein kinase superfamily as the critical RIP3
downstream mediator of TNF-induced necrosis. Through
screening a kinase/phosphatase shRNA library in human colon
adenocarcinoma HT-29 cells, we found that knockdown of
MLKL completely blocked TNF-induced necrosis. Our data
suggest that MLKL functions downstream of RIP1 and RIP3 and
is recruited to the necrosome through its interaction with RIP3.
Finally, we found that overexpression of MLKL is able to activate JNK, and MLKL is required for the generation of ROS and
the late-phase activation of JNK during TNF-induced necrosis.
However, because these two events are not involved in TNFinduced necrosis in HT-29 cells, the target of MLKL during
TNF-induced necrosis remains elusive. Thus, our study suggests
that MLKL is a key RIP3 downstream component of TNFinduced necrotic cell death.
Recent studies identify RIP3 as a key component of necrotic
cell death (10, 22, 23). However, it is not known how RIP3
induces the necrotic machinery after it forms the necrosome with
RIP1. Therefore, to further understand the molecular mechanism of necrosis, it is critical to identify some downstream
components of RIP3-mediated necrosis. MLKL appears to be
one of the downstream mediators of RIP3 in TNF-induced necrosis because we found that (i) knockdown of MLKL completely blocked TNF-induced necrosis, and the loss of MLKL
had a minimal effect on the formation of RIP1/RIP3 necrosome
and the subsequent phosphorylation of RIP3; and (ii) MLKL is
able to induce necrotic cell death in HEK293 cells, which are
RIP3-deﬁcient cells. Whereas MLKL functions downstream of
RIP3, it is recruited to the RIP1/RIP3 necrosome through its
interaction with RIP3. Because the kinase dead RIP3 fails to
interact with MLKL (Fig. 2C), one explanation is that the kinase
5326 | www.pnas.org/cgi/doi/10.1073/pnas.1200012109

activity of RIP3 is needed for RIP3 to interact with MLKL.
Further study is necessary to dissect how RIP3 and MLKL interact and to investigate the role of RIP3 kinase activity in
this interaction.
MLKL has two isoforms generated by alternative splicing and
the longer isoform contains the kinase domain. Our screening of
the kinase/phosphatase shRNA library indicated that the longer
form of MLKL is needed for TNF-induced necrosis. This conclusion is further supported by our ﬁnding that the kinase mutant
of MLKL lost its ability to mediate necrosis, and by the fact that
the short isoform of MLKL does not have the putative kinase
domain (Figs. 1A and 3D and Figs. S2 and S3). Although the
protein sequence of MLKL predicts that it may be a pseudokinase, MLKL apparently has some kinase activity because it
phosphorylates MBP modestly and the mutant MLKL, MLKLK230A/K331A, lost the ability dramatically (Fig. 3 A and B).
However, even though there is no RIP3 in HEK293 cells, our
current data do not rule out the possibility that the phosphorylation of MBP observed in Fig. 3 A and B may be achieved by
another kinase(s) interacting with MLKL. Currently we do not
have any evidence to suggest that RIP3 regulates MLKL function and it is important to investigate whether MLKL is activated
when it is recruited to the necrosome.
Earlier reports suggested that the prolonged JNK activation
and the induction of ROS are important events in TNF-induced
necrosis, although the requirement of these two events may be
tissue/cell-type speciﬁc. JNK has different functions in cell death
because of its biphasic activation: the prolonged JNK activation
contributes to TNF-induced cell death and the transient JNK
activation protects cells against death (7, 26). Inhibition of JNK
blocks TNF-induced necrotic cell death in L929 cells and MEFs
(7). Thus, sustained JNK activation is thought to be one of the
key events in necrotic cell death induced by TNFα. In this study,
although the late-phase JNK activation is not involved in TNFinduced necrosis in HT-29 cells, we found that this event is
dependent on the presence of MLKL. The result that overexpression of MLKL leads to JNK activation (Fig. 4A) suggests
that MKL functions upstream of the late-phase JNK activation
either directly as an upstream MAP3K or indirectly through inducing necrosis. Also, because ROS has been shown to play
a role in the prolonged JNK activation through inactivating
phosphatases (19), and MLKL is also required for ROS generation during TNFα-induced necrosis (Fig. 4D), it is necessary to
examine whether MLKL mediates the late-phase JNK activation
through inducing ROS generation. Our preliminary study indicates that blocking ROS generation with ROS scavengers has
limited effect on TSZ/TCZ-induced late-phase JNK activation
in HT-29 and MEFs (Fig. S8). Currently, we are investigating
whether MLKL-mediated late-phase JNK activation is a direct
effect of MLKL or an outcome of MLKL-induced necrosis.
Whereas our study provides evidence that MLKL is the molecular connection between RIP3 and the late-phase JNK activation/ROS generation in necrotic cell death, it also raises the
question: what is (are) the other target(s) of MLKL as these two
downstream events of MLKL play a limited role in certain types
of cells including HT-29 cells (Fig. 4F)? Because knockdown of
MLKL in HT-29 cells completely blocks TNF-induced necrosis,
but inhibition of JNK activation and ROS generation has no
effect on cell death, MLKL must mediate this process mainly
through another target(s) in these cells. Therefore, searching for
the unknown target(s) of MLKL will be critical for us to fully
understand the machinery of necrosis. Nevertheless, uncovering
MLKL as a key RIP3 downstream mediator of TNF-induced
necrosis brings us one step closer to this goal.
Materials and Methods
shRNA Library Screening. shRNA screening was performed using a retroviral
shRNA library targeting human kinases, phosphatases, genes involved in
protein ubiquination, and genes implicated in cancer as described (24). HT-29
cells cultured in 15-cm dishes were infected using 8 μg/mL polybrene (Millipore). Two independent infections were carried out. At 24 h after the
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Reagents. TNFα and z-VAD-fmk were purchased from R&D. SP600125 and
CHX were from Calbiochem. Smac mimetic was a gift from S. Wang (University of Michigan, Ann Arbor, Michigan). Antibodies were from commercial sources: anti-pJNK from Invitrogen; anti-JNK1 from PharMingen;
anti-FLAG (M2), antiactin, and anti-GFP from Sigma; anti-RIP1 from BD
Transduction Laboratories; anti–c-Myc from BD Bioscience; anti-MLKL from
Novus Biologicals and Abcam; and anti-RIP3 from Abcam.
Cell Culture and Treatment. HT-29, HEK293, and MEF cell lines were cultured
in DMEM with 10% FBS (vol/vol), 2 mM L-glutamine, and 100 units/mL
penicillin/streptomycin.
Necrosis was induced by TNFα (30 ng/mL), Smac mimetic (10 nM), and
z-VAD-fmk (20 μM) or TNFα (30 ng/mL), CHX (10 μg/mL), and z-VAD-fmk
(20 μM). Apoptosis was induced by TNFα (30 ng/mL) and Smac (10 nM) or
TNFα (30 ng/mL) and CHX (10 μg/mL).
Plasmid. Human MLKL transcript variant 1 (NM_152649) was cloned into
the mammalian expression vector pcDNA3.1/HisA, p3XFLAG-CMV.7.1, and
pEGFP-C3. Fidelity of sequence was conﬁrmed by DNA sequencing. MLKL
shRNA-resistant mutation was generated by an 18-base replacement from
5′-CGTATATTTGGGATTTGC′-3–5′-AGA ATC TTC GGCATC TGT′-3 at position
789–806. The mutated base pairs are underlined.
Transfection of Plasmid and siRNA. HEK293 cells were transfected with indicated plasmids using Lipofectamine-PLUS reagent (Invitrogen). After 24–36
h, cells were collected and used for the immunoprecipitation experiment.
For transfection of siRNA, HT-29 cells were plated in six-well plates, and cells
were transfected with 50 pmol of MLKL or nontargeting siRNA (human ONTARGETplus siRNA pools of four oligos or mouse ON-TARGET plus siRNA
pool of two oligos; Dharmacon) using Lipofectamine RNAiMAX (Invitrogen).
After 48 h, cells were treated under apoptotic or necrotic conditions.

Western Blot Analysis. Cells were collected and lysed in M2 buffer (20 mM Tris
at pH 7, 0.5% Nonidet P-40, 250 mM NaCl, 3 mM EDTA, 3 mM EGTA, 2 mM
DTT, 0.5 mM PMSF, 20 mM β-glycerol phosphate, 1 mM sodium vanadate,
and 1 mg/mL leupeptin). Cell lysates were separated by SDS/PAGE and analyzed by immunoblot. The proteins were visualized by enhanced chemiluminescence (Pierce).
Immunoprecipitations. Cells were collected in M2 buffer. Lysates were precipitated with antibody and protein G-agarose beads by incubation 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 blot analysis.
Cytotoxicity Assay. Cell death was determined using 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT). MTT absorbance was read at 570
nM. Survival ratio was calculated by comparison of TSZ to untreated cells or
TCZ to CHX-treated cells.
Kinase Assays. Cell lysates were prepared by lysis in M2 buffer. FLAG-tagged
vectors or HA-JNK1 was immunoprecipitated with FLAG or HA antibodies
overnight at 4 °C. After washing with 3× each of M2 buffer and kinase buffer
[20 mM Hepes (pH 7.5), 10 mM MgCl2, 1 mM MnCl2, 1 mM DTT, 5 mM NaF,
100 μM Na3VO4, 20 mM β-glycerophosphate], the beads were incubated in
hot kinase buffer (10 mM PnPP, 60 μM ATP, 10 μCi [32P] γ-ATP) and supplemented with 5 μg of MBP (Sigma) or GST-cJun (1–79), respectively, for
30 min at 30 °C. Samples were resolved on 10% gels and exposed to
autoradiographic ﬁlms.
LacZ Staining Cell Death Assays. Cells were cotransfected with pCMV-LacZ
reporter plasmid and the plasmids as indicated in Figs. 1C and 3D for 24 h
and then treated with TSZ for an additional 24 h. All X-Gal–stained blue
cells were counted and averaged from ﬁve different randomly chosen
ﬁelds. Cell survival was determined by normalizing blue cell numbers from
TSZ-treated plates to the control plates. Data represent three independent experiments.
Note Added in Proof. While this paper was under revision, Sun, L. et al.
reported MLKL mediates necrotic signaling downstream of the kinase
RIP3 (27).

Lentivirus Infection. HEK293T cells were cotransfected with pCMV-VSV-G and
pCMV-dr8.2-dvpr and either nontargeting or MLKL-shRNA plasmids (SIGMA).
After 24 h, supernatant was collected and this lentiviral preparation was used
to infect cells. After 24 h of infection, cells were selected with puromycin for
an additional 48 h.
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infection, media were replaced with 1.3 μg/mL puromycin. After a 4-d
selection, cells were treated with TSZ for 48 h and grown in regular media
that contained puromycin. Two days later, cells were treated with TSZ for an
additional 48 h. The colonies were picked and the genomic DNA was isolated
for PCR and sequencing. Two different shRNA sequences (A: 5′-GCGTATATTTGGGATTTGCAT-3′, B: 5′-CCTCTGTGGATGAAATCTTAA-3′) targeting
human mlkl gene were identiﬁed. The ﬁreﬂy luciferase shRNA (FFshRNA)
served as a negative shRNA control.

