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A B S T R A C T

The mixed lineage kinase domain-like protein (MLKL) has emerged as a critical mediator of necroptosis, which
results in the release of cellular damage-associated molecular patterns (DAMPs). However, its physiological role
in regulating inflammation is not fully understood. We herein showed thatMlkl−/− mice were highly susceptible
to colitis and colitis-associated tumorigenesis (CAT), which was associated with massive leukocyte infiltration
and increased inflammatory responses. Moreover, we used bone marrow transplantation to reveal that MLKL in
inflammatory cells is crucial for its role on colitis. Intestinal mucosal tissue and polyps isolated from Mlkl−/−

mice exhibited increased ERK activation and elevated expression of genes associated with inflammation and
cancer. Mechanistically, enhanced inflammation in Mlkl−/− mice was due to MEK/ERK activation particularly
in dendritic cells (DCs). Our results demonstrate the role of MLKL in maintaining intestinal homeostasis and
protecting against colitis and tumorigenesis.

1. Introduction

The innate immune system provides first-line defenses against en-
dogenous danger signals and invading microbial organisms [1]. Al-
though inflammation is a host protective response against infection and
injury, excessive inflammation is thought to be due to chronic tissue
damage and tumor initiation and progression [2,3]. Colorectal cancer is
one of the leading causes of death worldwide [4,5]. Inflammatory
bowel disease (IBD), comprising ulcerative colitis and Crohn's disease,
is associated with an increased the risk of colorectal cancer [6–8]. Ul-
cerative colitis is an immune-mediated disorder, leading to invasion of
colonic commensal microflora and mucosal immune cells [9,10]. Al-
though the mechanisms have not been completely elucidated, recent
studies have demonstrated that excessive range of cytokines, chemo-
kines and growth factors produced during chronic inflammation appear
to be key triggers in the pathogenesis of experimental colitis and de-
velopment of IBD in humans [11,12].

Chronic inflammatory diseases of the gut result from the aberrant

interaction between the host immune system and commensal micro-
flora [9]. Innate immune receptors, such as Toll-like receptors (TLR)
and tumor necrosis factor receptors (TNFR), initiate the inflammatory
process and regulate proinflammatory cytokine and chemokine pro-
duction in epithelial cells and immune cells through the nuclear factor-
κB (NF-κB) and mitogen-activated protein kinase (MAPK) signaling
pathways [13]. Notably, tight regulation of these signaling pathways is
critical for maintaining intestinal homeostasis [14–16]. In addition,
recent evidence suggest a critical role for signal transducer and acti-
vator of transcription family proteins (STATs), especially STAT3, in the
co-regulation of numerous oncogenic and inflammatory genes with NF-
κB [17–19]. The MAPK pathways, including extracellular signal-regu-
lated kinase 1/2 (ERK1/2), the Jun N-terminal kinase (JNK) and p38
pathways, are often dysregulated in inflammatory and cancer [20,21].
Both NF-κB and MAPKs signaling pathways can regulate cycloox-
ygenase-2 (COX-2) expression, an enzyme expressed in the intestine
and required for the maintenance of intestinal homeostasis, leading to
production of prostaglandin E2 (PGE2) and arachidonic acid [22].
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Therefore, deregulation of these mediators may represent a key me-
chanism contributing to colon inflammation, colitis and colorectal tu-
morigenesis.

Necroptosis is a type of cell death induced by the tumor necroptosis
factor superfamily and other extracellular and intracellular stimuli in
certain pathologies. Receptor-interacting protein kinase 1 (RIPK1) and
RIPK3 are critical adaptors of necroptosis [23–25]. RIPK1 and RIPK3
interact via the RIP homotypic interaction motif (RHIM) domains and
form the necrosome [26]. As a substrate of RIPK3, MLKL is phos-
phorylated by RIPK3, oligomerizes, and then translocates to the cell
membrane, resulting in the release of cellular contents promoting in-
flammation [27,28]. Necroptosis plays an important role in aggravated
chronic inflammatory diseases such as atherosclerosis and cerulein-in-
duced acute pancreatitis [29–31]. However, the consequences of ne-
croptosis are not necessarily proinflammatory. Recent evidence sug-
gests that, under certain conditions, necroptosis can suppress
inflammation via decreasing inflammatory production and enhancing
pathogen clearance, leading to inhibition of inflammatory responses
[32]. More recently, Ripk3−/− mice have been shown to be more sus-
ceptible to colon inflammation in response to injury and colitis-asso-
ciated colon cancer [33,34]. Although MLKL is considered to be
downstream of RIPK3 in necroptosis signaling, our findings and studies
conducted by others have demonstrated the observed differences be-
tween Ripk3−/− and Mlkl−/− mice [35,36]. Interestingly, low MLKL
expression was previously shown to be associated with poor prognosis
in colorectal cancer and administration of MLKL mRNA inhibited tumor
growth [37,38]. However, the role of MLKL in the pathogenesis of colon
inflammation and tumorigenesis remains unclear and needs to be fur-
ther characterized.

In this study, our results demonstrate that Mlkl−/− mice were
highly susceptible to colitis and CAT. These phenotypes are associated
with hyperactivation of innate immune responses in Mlkl−/− mice.
Increased inflammatory-cytokine expression is ensured by hyper-acti-
vation of MEK/ERK in Mlkl−/− BMDCs, but not in Mlkl−/− BMDMs.
Moreover, defective necroptosis does not affect the cytokine expression
in Mlkl−/− BMDCs. Overall, our study indicates that MLKL exerts a
protective role against DSS-induced colitis and CAT.

2. Materials and methods

2.1. Human samples

A commercial colorectal cancer cDNA was purchased from the
Shanghai Outdo Biotech Co., Ltd. (Shanghai, China)). These samples
were used for Real-time PCR.

2.2. Mice

Mlkl−/− mice has been described previously [36]. Mlkl−/− mice
were originally generated on C57BL/6 background. WT and Mlkl−/−

mice were housed in a specific pathogen-free facility and male mice
generally used between 8 and 10 weeks of age. All animal experiments
were conducted in accordance with the guidelines of the Animal Care
and Use Committee of Shanghai Institute of Nutrition and Health,
Shanghai Institutes for Biological Sciences, Chinese Academy of Sci-
ences (CAS).

2.3. Induction of colitis

For the DSS-induced acute colitis model, WT and Mlkl−/− mice
were fed with 3% (w/v) DSS (molecular mass 36–40 kDa; MP
Biologicals) dissolved in sterile water for 6 days. For survivals model,
colitis was induced with 3% (w/v) DSS during 6 days, followed by
normal drinking water until the end of the experiment. The DSS solu-
tions were made fresh on day 3. Body weight, stool consistency, mor-
bidity, and occult blood in the stool were recorded daily. Disease

activity index (DAI) was assessed by an investigator blinded to the
experiment according to a combined score method [39]. On the last
day, mice were sacrificed, then blood were collected and the colons
were resected, flushed with PBS, opened longitudinally, and measured.
Then the colons were collected for H&E staining and further analysis.

2.4. Induction of colitis-associated tumorigenesis

For the early stages of tumor induction model, WT and Mlkl−/−

mice were first i.p. injected with AOM (Sigma) at 10mg/kg body
weight. After 5 days, the mice were fed with 3% (w/v) DSS in drinking
water during 5 days, followed by normal drinking water until the end of
the experiment on the indicated days. For the colitis-associated tu-
morigenesis (CAT) model, WT and Mlkl−/− mice were first i.p. injected
with AOM (Sigma) at 10mg/kg body weight. After 5 days, the mice
were fed with three cycle of 3% (w/v) DSS in drinking water during 5
days, followed by normal drinking water for 2 weeks. Similar set of
analyses were done as in the DSS colitis experiments. Final tumor load
and tumor size were measured.

2.5. Cytokine assay

Whole colon was homogenized in RIPA lysis buffer containing a
cocktail of protease inhibitors. Blood serum were collected. The con-
centration of mouse cytokines was measured by commercial ELISA kits
for mouse IL-6, TNF-α and IL-1β (eBioscience), following the manu-
facturer's instructions.

2.6. Cell culture

Bone marrow cells from flushed tibias and femurs were lysised by
the ACK lysis buffer to remove red blood cells. For BMDMs, bone
marrow cells were differentiated for 7 days in 1640 containing 10%
fetal calf serum and 50 ng/ml M-CSF (Life technologies). For BMDCs,
bone marrow cells were cultured in RPMI1640 media supplemented
with 10% FBS, 2mM Glutamine, 10 ng/ml GM-CSF (BioLegend) for 5
days to differentiate into DCs. BMDMs and BMDCs were seed in 12-well
plates, cultured overnight and stimulated with LPS (Sigma) and Poly I:C
(Sigma).

2.7. Real-time quantitative PCR

About 0.5 cm of tissues from the middle ileum, proximal colon, and
distal colon were sampled. Fecal contents were removed gently and
rinsed with sterilized PBS. Then the tissues were ground by pestle and
mortar with liquid N2. For Total RNA was extracted using Trizol reagent
(Life Technologies), according to the manufacturer's instructions. Cells
were harvested at different time points, washed with PBS and lysates
with Trizol reagent. RNA was quantified, then 1 μg total RNA was re-
verse transcribed to complementary DNA (TAKARA). Transcript levels
of indicated cytokines were quantified by quantitative RT-PCR on an
ABI 7500 real-time PCR instrument with SYBR Green. Relative ex-
pression was calculated using L32 as an internal control as indicated.

2.8. Western blotting

Cells were harvested at different time points, washed with PBS and
lysates with 1× SDS sample buffer containing 100mM DTT and boiled
5min at 95 °C. For mouse tissue protein extraction, colon tissues were
ground by pestle and mortar with liquid N2 and the protein was ex-
tracted with RIPA lysis buffer [40]. The lysates were cleared by cen-
trifugation for 20min at 13 200×g, quantified by BCA kit (Thermo
Fisher) then mixed with SDS sample buffer and boiled at 95 °C for
5min. The samples were separated using SDS-PAGE, transferred to
PVDF membrane (Millipore) with 100v for 2 h. The proteins were de-
tected by using a chemiluminescent substrate (Thermo Fisher). The
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indicated antibodies were used for Western blot analysis.

2.9. Immunohistology

Immunohistochemical staining was performed on formalinxed
paran-embedded tissues using the indicated antibody. The corre-
sponding secondary antibodies were obtained from Vector
Laboratories.

2.10. Statistical analysis

The data are presented as the mean ± SEM of three independent
experiments unless otherwise noted. The statistical comparisons be-
tween the different treatments were determined by Student's t-test. We
also use the Two-way ANOVA with Sidak's post-test. GraphPad Prism
5.0 software was used for data analysis.

3. Results

3.1. Mlkl-/- mice are hypersusceptible to DSS-induced colitis

Previous studies have demonstrated that MLKL functions as a key
regulator of the necroptotic cell death pathway [27,29,41]. Our pre-
vious findings and studies conducted by others have demonstrated that
MLKL is expressed in spleen, thymus, colon, intestine, liver, and lung,
whereas expression in other tissues is considerably reduced [29,35,36].
To determine the role of MLKL in regulating inflammatory responses,
we crossed heterozygous Mlkl +/- mice to generate Mlkl−/− mice
(SFig. 1A). WT and Mlkl−/− mice were backcrossed to the C57BL/6
genetic background for 10 generations. Homozygous Mlkl−/− mice
were viable, healthy, and fertile and did not display any gross physical
or behavioral abnormalities (SFig. 1B–D) Western blot using a specific
antibody detected MLKL protein in spleen, lymph nodes, liver, lung and
colon in WT, Mlkl+/-and Mlkl−/− mice (SFig. 1E). Similarly, the ab-
sence of MLKL protein was noted in bone marrow-derived macrophages
(BMDMs) and bone marrow-derived dendritic cells (BMDCs) (SFig. 1F).
Tissue sections stained with H&E revealed no morphological abnorm-
alities in liver, spleen, lung, kidney and colon between WT andMlkl−/−

mice (SFig. 1G), suggesting no significant abnormalities in the devel-
opment of Mlkl−/− mice.

DSS-induced colitis model is considered model used to monitor in-
flammation and disruption of colonic homeostasis [42]. To address the
physiological function of MLKL in colitis-induced inflammation, WT
and Mlkl−/− mice were fed 3% DSS for 6 days in drinking water. Ex-
pression of both MLKL mRNA and protein were increased in the colon
tissue during colitis (SFig. 1H and I). Weight loss, clinical severity and
colonic shortening are considered clinical symptoms of colitis. Notably,
Mlkl−/− mice exhibited increased body weight loss and clinical severity
(Fig. 1A and B). Shorter colon lengths were observed in Mlkl−/− mice
compared with WT mice at day 6 after DSS treatment (Fig. 1C and D).
Consistent with an inflammatory phenotype, we observed enlarged
spleens and mesenteric lymph nodes (mLN) in DSS-fed Mlkl−/− mice
compared with WT mice (Fig. 1E and F).

To further validate excessive inflammation in Mlkl−/− mice, colon
sections were subject to hematoxylin & eosin (H&E) staining. Colons of
DSS-fed Mlkl−/− mice exhibited severe inflammation compared with
WT mice, including increased destruction of the colonic epithelial
structure and crypt loss, a larger inflamed region, and a thicker mus-
cularis layer (Fig. 1G). Semi-quantitative scoring further confirmed that
colitis severity in Mlkl−/− mice was significantly increased compared
with WT mice (Fig. 1H). To assess the contribution of MLKL in the acute
colitis model, mice were challenged with 3% DSS in drinking water for
6 days followed by regular drinking water for an additional 6 days.
Survival was monitored until day 12 after the start of DSS (SFig. 1J). In
total, 90% of Mlkl−/− mice died during the DSS administration period,
but the mortality rate was less than 30% in WT mice (Fig. 1I). These

results suggest that MLKL plays a protective role against DSS-induced
acute colitis and mortality.

3.2. Increased CAT in Mlkl−/- mice

Colitis is a driver factor for colon tumorigenesis [3]. The observa-
tion thatMlkl−/− mice suffered from colorectal inflammation upon DSS
treatment, prompted us to determine the role of MLKL in the initiation
and progression of inflammation-driven CAT. Expression of MLKL was
increased in colon tumor compared with adjacent tissue (SFig. 2A). In
addition, expression of MLKL mRNA and protein were increased in
azoxymethane (AOM)/DSS-induced colon cancer (SFig. 2B–D). To ad-
dress the role of MLKL in CAT, WT and Mlkl−/− mice were subjected
with AOM-DSS treatment. Mlkl−/− mice exhibited a drastic reduction
in body weight and significantly increased clinical severity compared
with WT mice (Fig. 2A), and exhibited significantly increased clinical
severity in comparison with WT mice (Fig. 2B). Consistent with these
clinical features, colons obtained from AOM/DSS-treated Mlkl−/− mice
were markedly shorter than control mice during disease progression
(Fig. 2C). In addition, Mlkl−/− mice (8/15 53.3%) demonstrated a
significantly increased risk of mortality compared with WT mice (3/15
20%) in the AOM/DSS-induced CAT model (Fig. 2D). These results
suggest that MLKL functions as a defense mechanism during AOM/DSS
induction.

Mlkl−/− mice exhibited increased colon inflammation in the DSS
model, suggesting the role of MLKL in AOM/DSS-induced colonic tu-
morigenesis. Mlkl−/− mice exhibited increased polyps in the anus
compared with WT mice after AOM/DSS treatment (Fig. 2E and F).
Consistently, increased tumor burdens were observed in the colon
(Fig. 2G), and increases in the number and size of tumors were also
observed in Mlkl−/− mice compared with WT mice (Fig. 2H). Previous
evidence has indicated that the inflammation, crypt atrophy, hyper-
plasia and dysplasia scores in the colon are highly associated with tu-
morigenesis [13]. Based on histological examination, we observed
markedly increased histopathological changes in Mlkl−/− mice com-
pared with WT mice (Fig. 2I and J). These changes were characterized
by a significant increase in inflammation, hyperplasia, and dysplasia
(SFig. 2E). There results further confirm that MLKL attenuates colon
tumorigenesis and suppresses the progression of colitis-associated colon
cancer.

3.3. Exacerbated immune responses in Mlkl−/- mice during DSS exposure

The above results promoted us to investigate whether Mlkl defi-
ciency in inflammatory response had a role in the pathogenesis of colitis
and colitis-induced colon cancer. To address this possibility, we gen-
erated early stages of the tumor induction models (SFig. 3A). As ex-
pected, Mlkl−/− mice exhibited significantly increased body weight
loss, higher rectal bleeding, and more colon shortening compared with
the WT mice during early stages of tumor induction (SFig. 3B–E).
Further histological examinations of colon sections revealed higher
histology scores at day 5 after drinking water (Fig. 3A and B), including
significantly increased severe colon inflammation, ulceration and hy-
perplasia in Mlkl−/− mice (SFig. 3F). Immune cell infiltration in colon
tissue was then analyzed by histochemical staining. Interestingly, we
observed increased infiltration of macrophages (F4/80), PMN (Gr-1)
and DC (CD11c) cells in inflamed colon sections of Mlkl−/− mice
(Fig. 3C and SFig. 3G). Similar to DSS-treated Mlkl−/− mice, spleno-
megaly was also apparent in early colon cancer of Mlkl−/− mice after
AOM/DSS induction (SFig. 3H and I), suggesting that the progress of
CAT was associated with dysregulating immune cell activation and
inflammatory responses.

To further address the immune cell types associated with the hy-
perinflammatory responses, myeloid cells in the spleens and mLN were
analyzed by flow cytometry at different stages of early tumor induction
models. Consistent with the severity of colon inflammation, severe
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lymphadenopathy and splenomegaly and an increases in myeloid cell
types (CD11b+, F4/80+, CD11c+, Gr-1+) were observed in Mlkl−/−

mice compared with WT mice at days 5 and 12 (Fig. 3D and E). No-
tably, at the later stage of day 20, no difference in weight loss between
WT andMlkl−/− mice was observed (SFig. 3B and C), butMlkl−/− mice
still exhibited even greater spleen and LN enlargement (SFig. 3H and I),
and a larger population of myeloid cells compare with WT mice (Fig. 3D

and E). Notably, in the setting of no DSS feeding, Mlkl−/− mice com-
pared with WT counterparts exhibited comparable amounts of myeloid
cell populations (data not shown). Moreover, we detected considerably
increased CD11b+F4/80+ cells in both spleen and LN of Mlkl−/− mice
at day 5, thus indicating significantly increased inflammatory cell re-
cruitment in response to injury (SFig. 3J and K). Similar results were
observed in Mlkl−/− mice in the AOM + DSS-induced CAT model

Fig. 1. Mlkl−/− mice are hypersusceptible
to DSS-induced colitis. (A) WT (n=8) and
Mlkl−/− (n= 9) mice were fed 3% DSS for 6
days. Body weights are shown at indicated
days as percent change from day 0.(B)
Average clinical scores were scored daily.
(C–D) WT (n= 17) and Mlkl−/− (n=17)
were sacrificed on day 6 to measure colon
length. WT mock, n=6; Mlkl−/− mock,
n=6. (E) Representative macroscopic
images of spleens and mLNs of WT (n= 6)
andMlkl−/− (n=6) mice fed DSS for 6 days.
(F) Spleens weight from WT and Mlkl−/−

mice collected after DSS treatment. (G)
Representative microscopic images of H&E
staining of colon section after DSS adminis-
tration (WT, Mlkl−/−, n= 5).(H)
Semiquantitative scoring of histopathology.
(I) Kaplan-Meier plot of WT and Mlkl−/−

mice survival. WT (n= 8) and Mlkl−/−

(n = 8) mice were fed 3% DSS in drinking
water for 6 days. Survival was monitored
until day 12 after DSS administration. For all
experiments, data shown are representative
of at least three independent experiments.
The symbols *, **and *** indicate p < 0.05,
p < 0.01 and p < 0.001, respectively, be-
tween the DSS-treated WT andMlkl−/− mice.
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Fig. 2. Increased colitis-associated tumorigenesis (CAT) in Mlkl−/− mice. (A) Body weight changes were monitored after AOM/DSS treatment of WT (n= 15)
and Mlkl−/− (n=15) mice. (B) Rectal bleeding scores were determined after the 3rd DSS treatment cycle (C) Colons obtained from AOM/DSS-treated WT and
Mlkl−/− mice.(D) Mice were monitored for survival in the AOM/DSS-induced CAT model.(E–F) Enhanced rectal prolapse in Mlkl−/− mice compared with WT mice
on day 80.(G) Representative images of colonic tumor tissues fromWT andMlkl−/− mice at the end of the CAT model.(H) The number of tumors was counted and the
size of tumors was measured in WT and Mlkl−/− mice. (I) Representative magnification images of colon polyps from WT and Mlkl−/− mice.(J) Histopathologic
activity index (HAI) score in colons harvested from AOM/DSS-treated WT and Mlkl−/− mice. For all experiments, data shown are representative of at least three
independent experiments. The symbols *, **and *** indicate p < 0.05, p < 0.01 and p < 0.001 respectively, between the AOM + DSS-treated WT and Mlkl−/−

mice.
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Fig. 3. Exacerbated immune responses inMlkl−/−mice during DSS exposure. (A) Representative images of H&E-stained sections on day 15 after AOM injection
(Normal water for 5 days).(B) Histopathologic activity index (HAI) score in colons at day 15 after AOM injection (Normal water for 5 days).(C) Colon tissue was
immunostained for the macrophage marker F4/80, neutrophile marker Gr-1 and DC cells marker CD11c.(D–E) WT and Mlkl−/− mice were injected with AOM (Day
0). Five days later, mice were fed with 3% DSS for 5 days, followed by normal water for 5 days, 12 days and 20 days. Splenocytes (D) and mLN (E) cells were collected
and analyzed by flow cytometry after staining for the myeloid cell population using CD11b, F4/80, CD11c and Gr-1 antibodies. The percentage of cell population at
the indicated days. For all experiments, data shown are representative of at least three independent experiments. The symbols *, **and *** indicate p < 0.05,
p < 0.01 and p < 0.001 respectively, between the AOM/DSS-treated WT and Mlkl−/− mice.
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(SFig. 3L–N). Thus, these results collectively indicate that MLKL plays a
critical role in reducing the inflammatory response during colitis and
CAT.

3.4. Enhanced inflammatory response augments tumor-inducing factors in
Mlkl−/- mice

Consistent with hyperactivation of myeloid cells in Mlkl−/− mice,
the expression levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α
and IL17) and chemokines (G-CSF, eotaxin, KC, MCP-1) were promi-
nently increased in the colons of Mlkl−/− mice compared with control
mice at day 15 after AOM injection (SFig. 4A and B). Given the asso-
ciation of higher tumor burdens with higher production of proin-
flammatory cytokines and chemokines in AOM/DSS-treated Mlkl−/−

mice, we detected increased proinflammatory cytokines and chemo-
kines production in Mlkl−/− mice compared with WT mice in the
context of the AOM/DSS-induced CAT model (SFig. 4C). Thus, these
results suggest that Mlkl−/− mice exaggerate massive inflammatory
responses during colitis and CAT.

To further understand the underlying mechanisms of inflammation
and inflammation-induced tumorigenesis, we first analyzed the extent
of the colonic mucosal epithelial cell proliferation and apoptosis after
injury in Mlkl−/− mice. Interestingly, increased colonocyte prolifera-
tion as indicated by Ki67 staining was observed in hyperplastic colon
regions of AOM/DSS-treated Mlkl−/− mice compared with WT mice
(Fig. 4A). However, the number of TUNEL-positive cells in colons of
Mlkl−/− mice was comparable with WT mice (Fig. 4B). In addition,
increased expression of wound healing genes, such as Amphiregulin
(Areg) and IL-11, were detected in Mlkl−/− mice compared with WT
mice after being fed DSS. In addition, tissue remodeling genes, in-
cluding metalloproteinase 10 (MMP-10) and COX-2, were also up-
regulated in Mlkl−/− mice. The relative expression of the antibacterial
peptides Relmb was also increased, possibly in response to bacterial
erosion into the colonic mucosa (Fig. 4C). The expression of in-
flammation and tumorigenic-associated genes is mediated by ERK,
STAT3 and COX2 proteins. Consistent with the possibility of MLKL of
reducing the activation of these signaling pathways, we observed sig-
nificantly increased activation levels of ERK, STAT3 and COX2 in DSS-
fed Mlkl−/− mice, which could potentially also drive the formation of
colonic polyps (Fig. 4D and E). Taken together, above results indicate
that DSS-treated Mlkl−/− mice create an inflammatory microenviron-
ment upon exposure to DSS, leading to the development of colitis and
tumorigenesis.

3.5. MLKL in immune cells is critical for protection against colitis

MLKL is ubiquitously expressed in bone marrow-derived immune
cells and colonic tissue cells (SFig. 1E and F), which can function as
suppressors in the development of colitis and CAT. To determine the
likelihood that MLKL suppressed colitis and CAT development through
directly regulating the function of inflammatory cells, bone marrow
cells from WT and Mlkl−/− mice were transplanted into irradiated WT
mice to generate chimeric mice (SFig. 5A). The bone marrow recon-
stitution efficiency was verified by transgenic allele-specific PCR from
the chimeric mice (SFig. 5B). Two months after bone marrow recon-
stitution, mice were challenged with DSS as described above. As a re-
sult, WT mice receiving Mlkl−/− bone marrow (Mlkl−/− →WT) pre-
sented with severe colitis compared with WT mice transplanted with
WT bone marrow (WT→WT). These effect was accompanied with in-
creased weight loss and colitis severity (Fig. 5A and B), decreased co-
lonic lengths and enlarged spleens (Fig. 5C and SFig. 5C and D). These
clinical features of colitis were further confirmed by H&E staining
(Fig. 5D). Consistent with the inflammatory responses, enhanced ex-
pression of inflammatory mediators was observed in Mlkl−/− →WT
mice compared with WT→WT mice (SFig. 5E). Notably, increased ac-
tivation of ERK and STAT3 was also detected in Mlkl−/− →WT mice

(Fig. 5E and F). Taken together, these results suggest that MLKL in in-
flammatory cells is a potent protective role in colitis.

3.6. MLKL negatively regulates ERK activation and cytokine expression in
DCs

Macrophages and DCs are critical immune defense cells that control
inflammation through regulation of mediator and cytokine production
[33]. To explore the evidence for inflammatory responses in Mlkl−/−

mice, we used TLR4 ligand LPS and TLR3 ligand poly (I:C) to mimic
stimulation of macrophages and DCs. Notably, ERK phosphorylation
was increased in LPS-stimulated BMDCs from Mlkl−/− mice compared
with WT mice (Fig. 6A and SFig. 6A). However, similar levels of NF-κB,
p38 and JNK phosphorylation were noted in WT and Mlkl-deficient
BMDC (SFig. 6B). Consistent with previously studies [29], Mlkl defi-
ciency caused no markedly effect on LPS-induced activation of the NF-
κB and MAPKs pathways in BMDMs (SFig. 6C). After Poly (I:C) stimu-
lation, an increase in ERK phosphorylation was also observed in the
Mlkl−/− BMDCs compared with WT mice but not in BMDMs (Fig. 6B
and SFig. 6D). As our data indicated that Mlkl deficiency contributes to
ERK activation, we next examined whether MLKL regulated the ERK
cascades. ERK participate in the Ras-Raf-MEK-ERK signal transduction
cascade [43]. LPS-induced phosphorylation of MEK was increased in
Mlkl−/− BMDCs, but not in Mlkl−/− BMDMs (Fig. 6C and SFig. 6E).
Interestingly, co-immunoprecipitation experiment showed that the in-
teraction between ERK and MEK was enhanced in Mlkl−/− BMDCs
(Fig. 6D). Correspondingly, expression of IL-1β, KC, MCP-1 and COX-2
was markedly increased in LPS-stimulated Mlkl−/− BMDCs but not in
BMDMs (Fig. 6E and SFig. 6F and G).

To functionally examine the role of ERK as a potential down-stream
effect molecule for MLKL deficiency-induced increasing of in-
flammatory responses, we further examined whether ERK inhibitor
U0126 could affect the function of MLKL deficiency. Indeed, U0126
significantly inhibited LPS-induced ERK activation and cytokine ex-
pression by Mlkl−/− BMDCs (Fig. 6F and G). The similar set of ex-
periments was also obtained after Poly (I:C) stimulation (Fig. 6H and I).
By contrast, normal ammounts of cytokines in response to LPS or Poly
(I:C) in Mlkl−/− BMDMs (SFig. 6H–K). In addition, overexpression of
MLKL partially rescued the ERK activation and increased inflammatory
cytokines in Mlkl−/− BMDCs (Fig. 6J). These data suggest that Mlkl
deficiency might contribute to enhanced inflammatory responses in
BMDCs by regulating MEK/ERK activation.

We next explored whether the increased inflammatory cytokines in
Mlkl−/− BMDCs is associated with necroptosis. Compared to WT,
Mlkl−/− BMDCs were resistant to necroptosis upon exposure to LPS or
Poly (I:C) plus z-VAD (SFig. 7A–C). However, neither WT BMDCs nor
Mlkl−/− BMDCs exhibited cell death in response to LPS or Poly (I:C)
alone (SFig. 7A–C). RIPK3 is known to regulate the function of MLKL in
the canonical necroptosis pathway. The expression of RIPK3 was un-
affected in Mlkl−/− BMDCs (SFig. 7D and E). Moreover, RIPK3
knockdown did not contribution to ERK activation in Mlkl−/− BMDCs
(SFig. 7F and 7G). To further explore the role of necroptosis in LPS-
induced cytokine expression in BMDCs, we used RIPK1 kinase inhibitor
Necrostatin-1 (Nec-1) and RIPK3-kinase inhibitor GSK′872. Nec-1 and
GSK′872 significantly suppressed LPS + z-VAD-induced necroptosis
(SFig. 7H), but did not affect ERK activation and LPS-induced cytokine
expression in Mlkl−/− BMDCs (SFig. 7I and J).

We then determined whether necroptosis was contributing to the
increased colitis and CAT in Mlkl−/− mice. Phosphorylation of S345 on
MLKL has been demonstrated to be essential for canonical necroptotic
cell death [31,44,45]. As shown in SFig. 7K, phosphorylation of MLKL
was observed in WT BMDCs in response to LPS plus z-VAD. However,
no phosphorylation of MLKL were presented in mucosal tissue during
DSS-induced colitis. In addition, no phosphorylation of MLKL was de-
tected in AOM + DSS-induced CAT model (SFig. 7L). These results
indicated necroptosis does not contribute to the excessive inflammation
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in Mlkl-deficiency.

4. Discussion

MLKL is a commonly studied protein in necroptosis. Our results
demonstrate that MLKL plays an important role in the suppression of
proinflammatory cytokines and chemokines in colitis and CAT.

Excessive inflammation in immune cells is critical for the development
of colitis and CAT. Similarly, Mlkl−/− mice leads to increased sus-
ceptibility to colitis and CAT by hyperactivating the innate immune
system. Intriguingly, MLKL in immune cells, likely contributed to the
initiation of colitis. Furthermore, we show that MLKL control a ne-
croptosis-independent pathway of inflammation through regulating
cytokine expression in DCs. These data point to a currently

Fig. 4. Enhanced inflammatory response
augments tumor-inducing factors produc-
tion in Mlkl−/− mice. WT and Mlkl−/− mice
were injected with AOM (Day 0). Five days
later, mice were fed 3% DSS for 5 days fol-
lowed by normal water for 5 days prior to eu-
thanizing. (A–B) Immunohistochemical
staining for Ki-67 and TUNEL from colon tissue
of WT and Mlkl−/− mice. (C) The indicated
gene expression profile in colon tissue was
analyzed at day 15 after AOM + DSS treat-
ment.(D) Whole colon tissue homogenates
collected were examined for activation of ERK,
STAT3 and COX2 expression by Western blot
analysis. (E) Densitometric analysis was per-
formed to determine the relative ratios of each
protein.For all experiments, data shown are
representative of at least three independent
experiments. The symbols * and ** indicate
p < 0.05 and p < 0.01 respectively, between
the DSS-treated WT and Mlkl−/− mice.
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unappreciated role for MLKL in promoting inflammation and CAT.
Inflammation is a dynamic process that requires molecular check-

points to maintain immune homeostasis through tight regulation of
inflammatory signaling pathways. However, several reports suggest
that RIPK3 is critical for DSS-induced colitis and AOM/DSS-induced
CAT independent of its function inducing cell death, independent of its
function beyond inducing cell death [33,34]. In contrast, MLKL is well
known as a key mediator of necroptosis [46]. However, the mechanism
by which defective MLKL function is associated with hyperin-
flammatory responses in the colon remains unclear. The present study is
distinguished by several unique features. First, Mlkl−/− mice are hy-
persusceptible to colon inflammation and CAT. Second, Mlkl−/− mice
exhibited increased immune cell infiltration and hyperactivation of
inflammatory responses in response to DSS treatment. Third, the link
between overexpression of tumorigenic and proinflammatory genes and
a number of key signaling pathways is well established [47,48]. Indeed,

our data strongly support these concepts given that we observed that
Mlkl deficiency can increased ERK, STAT3 and COX 2 activation, even
in chimeric mice models. Our study provides evidence for anti-in-
flammatory role for MLKL by negatively regulating ERK signaling.

Interestingly, Mlkl deficiency in immune cells was critical for the
progress of colitis and CAT. However, we could not exclude the possi-
bility that MLKL might suppress immune responses in other cell types.
Macrophages and DCs in the inflamed gut are important mediators in
the response to immune inflammation during intestinal injury. In
healthy controls, few intestinal DCs expressed TLR4, whereas DCs from
inflamed tissue of patients with Crohn's disease are activated. In addi-
tion, the expression of microbial recognition receptors and pathologi-
cally relevant cytokines is up-regulated [49]. DSS-induced colitis is
significantly more severe when DCs were selectively depleted in mice,
suggesting that DCs are important for protection against colitis [50,51].
Our data indicate that MLKL regulates expression of specific set of

Fig. 5. MLKL in immune cells is critical for protection against colitis and CAT. (A–C) Bone marrow chimera mice for MLKL were generated (see Experimental
Procedures). Eight weeks after, mice were induced colitis using DSS, respectively as described in the Experimental Procedures. WT (n=6) andMlkl−/− (n = 6) mice
were treated with 3% DSS for 6 days. (A) Body weight, (B) average clinical scores and (C) colon length were monitored. (D) H&E-stained colon sections were
examined and scored. (E–F) Whole colon tissue homogenates collected in bone marrow chimera mice were examined for activation of ERK, STAT3 and COX2
expression by Western blot analysis. Densitometric analysis was performed to determine the relative ratios of each protein. For all experiments, data shown are
representative of at least three independent experiments. The symbols * and ** indicate p < 0.05 and p < 0.01, respectively, between the AOM/DSS-treated WT
and Mlkl−/− mice.
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cytokine expression in Mlkl−/− BMDCs, but not BMDMs, via regulating
ERK activation. Further investigation is needed to clearly determine
why Mlkl-deficiency exhibit different effect on DCs and macrophages.
Our data indicated that MLKL regulates expression of specific set of
cytokine expression via regulating MEK/ERK activation, in Mlkl−/−

BMDCs, but not BMDMs. U0126 suppressed the LPS-induced cytokine
expression in Mlkl−/− BMDCs, while overexpression of MLKL resulted

in an opposing effect. Although our results suggested a role for Mlkl-
deficiency in the association between MEK and ERK, the mechanisms of
MLKL in MEK/ERK signaling cascades is not yet clear and need to be
further investigated in the future.

As a substrate of RIPK3, MLKL is essential for necroptosis. Recent
studies has revealed that necroptosis exhibited proinflammatory and
anti-inflammatory effects in certain settings [52,53]. Given this

Fig. 6. MLKL negatively regulate ERK activa-
tion and cytokine expression in DCs. (A-B)
BMDCs from WT and Mlkl−/− mice were stimu-
lated with LPS (100 ng/ml) and poly (I:C)
(100 μg/ml). Cell lysates harvested at indicated
time points were analyzed for phospho-ERK, total
ERK1/2 by Western blotting. (C) BMDCs from WT
and Mlkl−/− mice were stimulated with LPS
(100 ng/ml) for 15, 30min and poly (I:C)
(100 μg/ml) for 1, 2 h. Cell lysates harvested at
indicated time points were analyzed for phospho-
MEK, total MEK by Western blotting. (D) BMDCs
from WT and Mlkl−/− mice were stimulated with
LPS (100 ng/ml) for 15min, and analyzed for the
co-immunoprecipitation of MEK and ERK by
Western blotting.(E) WT and Mlkl−/− BMDCs
were stimulated with LPS (100 ng/ml) at the in-
dicated time points, and mRNA was isolated for
real-time PCR analysis.(F) WT and Mlkl−/−

BMDCs were cultured in the presence of ERK in-
hibitor U0126 (10 μM), then stimulated with LPS
as the indicated time points. Cell lysates were
quantified for phospho-ERK, total ERK1/2, and β-
actin by Western blots.(G) WT and Mlkl−/−

BMDCs were cultured in the presence of ERK in-
hibitor U0126 (10 μM), then stimulated with LPS
for 2 h. Cytokines expression was measured by
real-time PCR.(H) WT and Mlkl−/− BMDCs were
cultured in the presence of ERK inhibitor U0126
(10 μM), then stimulated with poly (I:C) as the
indicated time points. Cell lysates were quantified
for phospho-ERK, total ERK1/2, and β-actin by
Western blots. (I) WT and Mlkl−/− BMDCs were
cultured in the presence of ERK inhibitor U0126
(10 μM), then stimulated with poly (I:C).
Cytokines expression was measured by real-time
PCR.(J) Mlkl−/− BMDCs were infected with
viruses encoding MLKL or vector for 48 h, and
then stimulated with LPS, following to evaluate
the levels of phospho-ERK by immunoblot.
Cytokines expression was measured by real-time
PCR.All data shown are representative of at least
three independent experiments. The symbols *
and ** indicate p < 0.05 and p < 0.01 re-
spectively.
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relationship, one might hypothesize that necroptosis and RIPK3 are
responsible for the increased inflammation during colitis. However, in
our study, we did not observe that MLKL was phosphorylated during
DSS-induced colitis. In addition, LPS alone was not sufficient to induce
cell death in WT and Mlkl−/− BMDCs. Moreover, necroptosis inhibitors
also did not affect LPS-induced cytokine expression. Therefore, these
data suggest that MLKL display divergent roles beyond necroptosis
during colitis injury and function independently of each other, which is
supported by our previous findings and studies conducted by others
[35,36].

In conclusion, our findings provide strong evidence for anti-in-
flammatory and anti-tumor role of MLKL in vivo through negatively ERK
signaling (Fig. 7). In addition, we uncover that the role of MLKL might
determine not only in necroptosis, but also in cytokine responses by
various stimulus.
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