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Abstract

Chronic inflammation of the large intestine is associated with an increased risk of developing colorectal cancer (CRC), the
second most common cause of cancer-related deaths worldwide. Necroptosis has emerged as a form of lytic programmed
cell death that, distinct from apoptosis, triggers an inflammatory response. Dysregulation of necroptosis has been linked to
multiple chronic inflammatory diseases, including inflammatory bowel disease and cancer. Here, we used murine models of
acute colitis, colitis-associated CRC, sporadic CRC, and spontaneous intestinal tumorigenesis to investigate the role of
necroptosis in these gastrointestinal pathologies. In the Dextran Sodium Sulfate-induced acute colitis model, in some
experiments, mice lacking the terminal necroptosis effector protein, MLKL, or its activator RIPK3, exhibited greater weight
loss compared to wild-type mice, consistent with some earlier reports. However, the magnitude of weight loss and
accompanying inflammatory pathology upon MIkl deletion varied substantially between independent repeats. Such variation
provides a possible explanation for conflicting literature reports. Furthermore, contrary to earlier reports, we observed that
genetic deletion of MLKL had no impact on colon cancer development using several mouse models. Collectively, these data
do not support an obligate role for necroptosis in inflammation or cancer within the gastrointestinal tract.

Introduction

Colorectal cancer (CRC) is one of the leading causes of
cancer-related deaths worldwide [1]. Despite the significant
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the finding that long-term treatment with nonsteroidal anti-
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of inflammatory diseases [10-14]. Necroptotic signaling is
induced downstream of activation of TNFR1, other death
receptors, Toll-like receptors, interferon receptors, or certain
DNA binding proteins (e.g., ZBP1) via three key effector
proteins: the receptor-interacting serine/threonine protein
kinases (RIPK)-1 [15, 16] and RIPK3 [5, 17, 18], and the
mixed lineage kinase domain-like (MLKL) pseudokinase
[19-23]. In scenarios where RIPK1 is not ubiquitylated by
the cellular Inhibitors of Apoptosis Proteins [24, 25] or
cleaved by caspase-8 [26, 27], it can nucleate the assembly
of a high molecular weight signaling platform termed the
“necrosome” with the RIPK3 kinase. Within this complex,
RIPK3 can be activated by trans-phosphorylation [5], which
leads to recruitment of the terminal effector in the pathway,
the MLKL pseudokinase [9, 21]. RIPK3 phosphorylation of
MLKL facilitates the assembly and plasma membrane
translocation of MLKL oligomers [20, 28-33], which per-
meabilize membranes to induce lytic cell death [33, 34].
Unlike apoptosis, which is typically considered to be
immunologically silent, necroptotic cell death provokes the
release of damage-associated molecular patterns into the
extracellular space thereby triggering an immune response
[35]. While necroptotic cell death has been widely impli-
cated as a driver of multiple human inflammatory diseases,
including inflammation-associated cancers, many attribu-
tions remain controversial [12, 36].

In Crohn’s Disease (CD) and Ulcerative Colitis (UC)
patients, RIPK1, RIPK3, and MLKL expression are abnor-
mally elevated in the diseased tissue [37, 38], suggesting that
necroptosis may contribute to morbidity. Previous studies
have shown that systemic, or intestinal epithelial specific, loss
of RIPK1 resulted in the sporadic development of intestinal
inflammation in mice [14, 39, 40], while conflicting results
have been reported from studies using Ripk3-deficient mice.
Some reported that loss of RIPK3 exacerbated DSS-induced
acute colitis [41] and enhanced AOM/DSS induced
inflammation-associated CRC [42], but others observed no
overt phenotype in the DSS-induced acute colitis model [12].
The basis for these differences is not known but might be
attributable to differences in experimental conditions, or a
focus on pathology within specific subcompartments of the
GI tract.

While the involvement of RIPK3 in these pathologies is
debated, a role for RIPK3 might also reflect non-necroptotic
functions, perhaps related to its role in the production of
proinflammatory cytokines and chemokines [43, 44].
Accordingly, recent work has examined whether MLKL, the
terminal effector in necroptotic signaling with known func-
tions restricted to this pathway, is crucial to acute colitis and
the development of colon cancer. Nevertheless, similar to
studies with Ripk3™~ mice, those using MIkI”’~ mice have
led to conflicting conclusions following DSS exposure, with
exacerbation of [45] and protection from [46] colon

inflammation reported by different groups. Consequently, the
precise roles, if any, of the necroptosis effector, MLKL, and
its activator, RIPK3, in colonic inflammation and tumor-
igenesis remain unclear.

Discordant findings in previous studies may have arisen
from the focus on individual aspects of GI pathology, and
comparisons of necroptosis-deficient non-littermates and/or
non-cohoused control mice. Here, we sought to resolve these
discrepancies by investigating the contribution of necroptotic
cell death to gastrointestinal (GI) pathologies through com-
parison of Ripk3~~ as well as MIkl”’~ mice with their
respective littermates in an acute colitis inflammatory model,
and complementary cancer models encompassing colitis-
associated CRC, sporadic CRC, and spontaneous intestinal
tumorigenesis. Our data indicate that colonic inflammation in
DSS-induced acute colitis can occur independently of the
RIPK3-MLKL necroptotic signaling axis. It is notable that we
observed substantial heterogeneity between the burden of
inflammation in independent repeat experiments in this
model. Such variability between independent studies, even
when conducted in the same animal facility and by the same
experimenters, may reconcile the conflicting attributions of
necroptotic death in promotion or attenuation of GI inflam-
mation in previous reports. Furthermore, loss of neither Mikl
nor Ripk3 impacted tumor development, indicating that
necroptosis does not play a substantive role in several murine
models of colon cancer.

Results

Mikl~"~ and Ripk3~'~ mice exhibited increased
weight loss compared to wild-type littermates
during a model of acute colitis

To understand the impact of loss of Mlkl on the extent of
acute dextran sulfate sodium (DSS)-induced mucosal
damage, we compared susceptibility between MIkI™~ and
littermate wild-type mice directly to Ripk3~'~ mice. MLKL
is the terminal known effector in the necroptosis pathway,
and unlike RIPK3, does not have additional functions in
apoptotic signaling [47, 48] or driving inflammatory cyto-
kine and chemokine production [43, 44]. Accordingly, we
focused our study on MIkI~"~ mice to examine the precise
role of necroptotic cell death in DSS-induced pathology.
We included a Ripk3_/ ~ cohort, albeit not matched with
littermate wild-type control mice, as a comparator, because
this strain has been widely studied by others in this model.
The mucosa of the distal colon (DC) was assessed by
endoscopy prior to administration of DSS, and as colitis
developed on days 5 and 8 of the challenge (Fig. 1a). We
observed no significant difference in the murine endoscopic
index of colitis (MEIC) scores [49] between the three

SPRINGER NATURE



1468 S. Alvarez-Diaz et al.
B
Day 5 Day 8 OMale
° 151 @Female
o o o
> @ o 00 o
k) 3 10 9 044
= & 104
>
Q.
Q
(8]
3 3
X B8 ]
C F*”l
0
% wt M/kl‘/ Rlpk3/ wt M/kl‘/ Rlpk3’/‘
2
©
D
110 91 Sk OMale
o w@) o @Female
= =100 -~ Mikr" (8) E8]°% e o
£ ® . /- ~ o
o c -~ Ripk37'- (8) - o
g g’ = 7 P
> 90 3 3 °
T O c 64
AR S d
S o 3 o
80 DSS (1.5% wiv 51
10T 1
0 . . . ; ol L L1 11 1
0 2 4 6 8 wt  MikH- Ripk3-
Experiment Day
Fig. 1 Loss of MLKL or RIPK3 results in increased weight loss in 0.02, MIkI™~ vs Ripk3™~ mice *P =0.02 (ANOVA, power of 0.181).

a mouse model of colitis, but only in some cohorts. a Schematic
illustration of the DSS-induced acute colitis model with representative
endoscopy images of mice of the indicated genotypes. b Serial murine
endoscopic index of colitis (MEIC) scores for mice of the indicated
genotypes on day 5 and day 8 of the DSS-induced acute colitis model.
Littermate wild-type mice (MIki™"*) were used as controls. N = 8 mice
per genotype. Data are presented as mean + SEM. Male and female mice
are indicated. There is no significant difference between genotypes or
sexes on Day 5 (power of 0.413). There is no 51gn1ﬁca.nt difference
between male mice on Day 8; for female mice wt vs Ripk3 ™~ mice *p =

genotypes at these time points (Fig. 1b). However, when
animals were returned to normal drinking water for 3 days,
following administration of DSS for 5 days, to enable
mucosal recovery, both Miki™~ and Ripk3_/_ mice dis-
played significantly increased weight loss compared to the
wild-type mice, suggesting increased clinical symptoms of
colitis (Fig. 1¢). In line with this, a significant reduction in
colon length was observed in MIkI™"~ and Ripk3 ™'~ mice on
autopsy compared to MIkI"" (wild-type) littermates
(Fig. 1d). It is noteworthy that this phenotype is not fully
penetrant, and when these experiments were performed with
non-littermate controls, the changes in weight loss or colon
length remained similar (Supplementary Fig. 1A, B). These
findings prompted us to examine susceptibility of a further
cohort of wild-type and MikI™~ littermates to DSS-induced
colitis (Supplementary Fig. 1D, E). We observed a trend
toward greater weight loss in the Mikl~~ mice (Supple-
mentary Fig. 1D), consistent with our initial littermate study
(Fig. 1b), but contrastingly a trend toward longer colon
length among the MikI~~ mice. Thus, in this model, loss of
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¢ Daily weight loss, presented as a percentage of the starting weight, for
mice of the indicated genotypes. N =8 mice per genotype. Data are
presented as mean + SEM. *P <0.05, Student’s unpaired ¢ test, power of
0.347. d Colon length for mice of the indicated genotypes. N =8 mice
per genotype. Data are presented as mean + SEM. *P <0.05, **P <0.01,
Student’s unpaired ¢ test. Male and female mice are indicated. There are
significant differences between female wt vs Ripk3™~ mice *p =0.04
(t test, power of 0.665), and between male wt vs MIKI™"~ mice *p=0.04
(t test, power of 0.926).

MLKL or RIPK3 do not exert reproducible impact on
morbidity.

MLKL and RIPK3 are dispensable for inducing
inflammation during acute colitis

To determine whether MIkI~'~ and Ripk3~'~ mice exhibited
changes in mucosal architecture, hematoxylin and eosin
(H&E) stained sections of Swiss rolls of the entire colon
from mice of the above described studies were examined
(Fig. 2a; Supplementary Fig. 1C). We compared epithelial
damage in the proximal colon (PC), middle colon (MC),
and DC, and observed that the majority of mucosal damage
occurred in the DC in this model (Fig. 2b). The more pro-
found damage in the DC compared to the PC arises because
of greater susceptibility to DSS, which can be attributed to
distinct physiological roles [50], cytokine and immune cell
gradients [51] of the colon subcompartments. While mice of
all genotypes exhibited histopathological signs of mucosal
damage, we found no significant differences in any region
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Fig. 2 Loss of MLKL or A

RIPK3 decreases submucosal
inflammation in a model of
colitis. a Representative H&E-
stained sections from swiss rolls
of colons from mice of the
indicated genotypes at the
conclusion of the experiment.
Scale bar: 100 um. b
Histological scoring of epithelial
damage, mucosal inflammation

and submucosal inflammation
from mice of the indicated
genotypes. N =8 mice per
genotype. Data are presented as
mean + SEM. *P<0.05, **P<
0.01, ****P<(0.0001. Student’s
unpaired ¢ test.
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of the colon when comparing Ripk3 ™~ or MIkI™’~ mice to
the wild-type mice. This indicates that loss of MLKL or
RIPK3 do not enhance retention of crypt architecture in this
model (Fig. 2b). Similarly, we found comparable mucosal
inflammation between mice of the different genotypes, with
the exception of the PC, where a significant increase in
mucosal inflammation was observed in the Ripk3~'~ mice
(Fig. 2b). These observations are consistent with the lack of
difference in the MEIC scores for the DC between mice of
the different genotypes (Fig. 1b). In this experiment, the
most striking histological differences were observed in the
submucosa, where MIkl~'~ mice had significantly increased
inflammation in the PC compared to their wild-type litter-
mates, while inflammation in the DC was decreased, similar
to the Ripk3~'~ mice (Fig. 2b). Our observation that the
extent of weight loss and colon length varied substantially
within mice of a given genotype between experiments
(Supplementary Fig. 1D, E) led us to further examine
whether this variably was reflected in inflammatory
pathology. Indeed, histological examination of wild-type
and MikI~~ mice—both in a nonlittermate and a second
littermate cohort study (Supplementary Fig. 1C, F)—sup-
ported the idea that necroptosis-deficient mice exhibit
variable inflammatory responses in the DSS-induced acute

colitis model. This indicates a nonobligate role for
necroptosis in this model. To further explore this observa-
tion, serum levels of the proinflammatory cytokine Inter-
leukin (IL)-6 were examined (Supplementary Fig. 2), with
no significant changes observed between mice of the dif-
ferent genotypes. Furthermore, the observed inter-
experimental variability in phenotype suggests a possible
basis for the contrary literature reports on the role for
necroptotic death in colitis protection or exacerbation.

MLKL or RIPK3 deficiency do not alter the
development of colitis-associated cancer

To assess a potential contribution of necroptosis to
inflammation-associated cancers, we directly compared the
influence of loss of RIPK3 or MLKL on the onset and pro-
gression of colitis-associated cancer. On day 1 of the colitis-
associated cancer model, a single injection of the alkylating
mutagen azoxymethane (AOM) was administered to wild-
type and MIkI~'~ littermate mice, as well as Ripk3 ™~ mice, to
induce amongst other errors, sporadic missense mutations in
the Cmbl gene in colonic epithelial cells [52, 53] (Fig. 3a).
Cyclic oral administration of the luminal irritant DSS was
provided via drinking water on days 8-13 following AOM

SPRINGER NATURE
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Fig. 3 Loss of MLKL or RIPK3 has no impact on the development
of colitis-associated cancer. a Schematic illustration of the colitis-
associated cancer model with representative endoscopy images of mice
of the indicated genotypes. b Endoscopic tumor scores at the end of
the colitis-associated cancer model for mice of the indicated geno-
types. Littermate wild-type mice (MIkI™"*) were used as controls. N> 9
mice per genotype. Male and female mice are indicated. Data are
presented as mean = SEM. Student’s unpaired # tests were applied to
test for significant differences between wt vs Ripk3~™~ (power 0.260),
wt vs MIkI™’~ (power 0.051), and Ripk3~™~ vs MiIki™~ (power 0.307).
¢ Tumor number at autopsy for mice of the indicated genotype. Lit-
termate wild-type mice (MIkI'"+) were used as controls. N > 9 mice per
genotype. Data are presented as mean = SEM. **P <(.01. Student’s
unpaired ¢ test. Male and female mice are indicated. There are

administration, followed by 16 days of normal drinking water
and a further 5 days of DSS via drinking water to induce
‘flares’ of acute inflammation, similar to that observed in UC
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significant differences between female wt vs Ripk3 =/~ mice *p = 0.01
(¢ test), and MIkI™~ vs Rika’/ ~ mice **p =0.006 (¢ test). There are
significant differences between male wt vs MIkI™~ mice **p = 0.007
(¢ test), and MIkl™~ vs Ripkj”/ ~ mice *p = 0.04 (¢ test). The power of
the wt vs Ripk3 ™" test is 0.164, wt vs Miki~~ is 0.493, and MIki™"~ vs
Ripk3™~ is 0.909. d Tumor burden at autopsy for mice of the indicated
genotypes. Littermate wild-type mice (MIkI*'") were used as controls.
N >9 mice per genotype. Data are presented as mean + SEM. Male and
female mice are indicated. There are significant differences between
MIkI™~ vs Ripk3™~ mice *p = 0.04 ( test). The power of the wt vs
Ripk3™~ test is 0.193, wt vs Mkl is 0.165, and MIki™"~ vs Ripk3 ™'~
is 0.556. e Representative images of H&E stained sections of tumors in
the distal colon from mice of the indicated genotypes at the conclusion
of the experiment. Scale bar: 100 um.

patients. This treatment ultimately promotes the development
of tumors in the DC of mice [54]. As per ethical requirements,
all animals were weighed daily with no significant differences
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in weight loss observed between the genotypes (Supplemen-
tary Fig. 3A).

Serial endoscopic monitoring of colitis-associated cancer
mice revealed similar timing of tumor onset (Fig. 3a) and
overall tumor burden (Fig. 3b) between mice of the different
genotypes. This was further apparent on autopsy, where overall
colonic tumor number (Fig. 3c) and burden (Fig. 3d) were
comparable between the genotypes, with the exception of an
increased tumor number in Ripk3~'~ compared to Mikl~'~
mice. The only macroscopic difference between mice of the
different genotypes was a significant reduction in the colon
length in Ripk3™~ mice compared to wild-type mice (Sup-
plementary Fig. 3B). There were no visible changes to the
influx of inflammatory cells in the tumors of the different
mouse genotypes (Fig. 3e). We validated MLKL and RIPK3
expression in colonic tumor tissue by Western blot analysis.
This revealed mildly increased MLKL and RIPK3 expression
in the tumor compared to normal tissue of wild-type mice
(Supplementary Fig. 3C). As expected, we observed no MLKL
or RIPK3 signals in tissues sourced from Mikl~'~ and Ripk3 ™~
mice, respectively. To validate this observation, a second
experiment comparing wild-type and MIkI~'~ mice was per-
formed (Supplemental Fig. 4), which confirmed the lack of a
clear phenotype. We also examined the level of IL-6 in lysates
from non-tumor and tumor tissues (Supplementary Fig. SA).
We found no significant difference in IL-6 expression levels,
suggesting comparable inflammation. While MLKL and
RIPK3 are present in tumor tissue, our results suggest that
elevations in their expression neither predisposes the colon to,
nor contributes to, colon-associated cancer onset or progression
in this model.

MLKL or RIPK3 is dispensable for the development
of sporadic colon cancer

We next sought to determine if there was a tumor sup-
pressive function for MLKL in sporadic cancer models
associated with an inflammatory tumor microenvironment
that was not triggered by mucosal damage. To this end,
we induced colonic tumors by injecting wild-type mice and
littermate Mikl~'~ mice, as well as Rika’/’ mice with
AOM once weekly over 6 weeks and aged the animals for
up to 280 days after the last injection to allow for the
accumulation of mutagenic events in the colonic epithelium
(Fig. 4a). Tumor initiation was monitored by serial endo-
scopy. Upon autopsy, no significant differences in colonic
tumor number (Fig. 4b) or overall tumor burden (Fig. 4c)
could be observed between the different genotypes. As with
the colitis-associated cancer model, no overt differences in
inflammation were observed in the tumors of mice from any
genotype (Fig. 4d). We also examined the level of IL-6 in
lysates from non-tumor and tumor tissues (Supplementary
Fig. 5B) and found no significant difference in the

expression levels of this cytokine. The levels of IL-6 were
very low, as anticipated for a non-inflammation driven,
mutagen-induced sporadic CRC model. Western blot ana-
lysis suggested increased RIPK3 levels in colonic tumors
compared to normal tissue of wild-type mice. However, no
substantive corresponding increase in MLKL was observed
(Supplementary Fig. 6). Collectively, our results suggest
that the RIPK3-MLKL necroptosis axis does not contribute
to sporadic colon cancer development.

Because RIPK3 [12] and MLKL [55] have been shown to
be highly expressed in the small intestine, we explored the
contribution of necroptotic signaling to tumors in this region
of the GI tract by crossing Mikl~'~ mice to Apc™™¥ " mice,
which carry a heterozygous germline truncation mutation in
the Apc tumor suppressor gene. Following spontaneous loss-
of-heterozygosity of the remaining wild-type Apc allele and
the resultant aberrant WNT pathway signaling, Apc™™*
mice develop spontaneous tumors in the small intestine [56].
We aged MIkI~'~;Apc™™* compound mutant mice and lit-
termate Apcmi“/+ mice to 90, 100, and >130 days (Fig. 5a).
Notably, we observed no significant difference in the overall
macroscopic tumor number (Fig. 5b) or tumor burden
(Fig. 5¢) in the proximal (PSI), middle (MSI), or distal small
intestine (DSI) between the genotypes. We also observed no
difference in the formation of sporadic tumors in the colon of
MIkI™"=;Apc™™ " mice compared to Apc™™* mice (Fig. 5b, c),
consistent with our observations in the AOM model (Fig. 4).
Collectively, these observations indicate that the loss of
MLKL has no impact on sporadic tumor onset or progression
in the small intestine or colon.

Discussion

While the terminal necroptosis effector, MLKL, and its
activator RIPK3, are known to be highly expressed in the
GI epithelium [12, 37, 38, 55, 57], the role of necroptotic
cell death in GI pathologies has remained unclear. Studies
using mice lacking RIPK3 or MLKL have led to conflicting
observations in models of acute colitis and inflammation-
induced colon cancer, with no overt phenotype [12], pro-
tection [46] or exacerbation [41, 42, 45] variously reported.
Typically, prior studies have examined Mikl~~ or Ripk3~/~
mice individually, but not in parallel, and only seldom used
littermates as controls [42], and with different levels of
exposure to mucosal damaging agents (1.5-3.5% DSS for
5-7 days [12, 42]). Here, we sought to resolve these
inconsistencies by comparing MikI~'~ mice and wild-type
littermate controls with Ripk3~'~ mice in parallel to more
precisely define the role for necroptosis in GI pathologies.

We used the acute DSS-induced mucosal damage model
(5 days 1.5% w/v DSS, 3 days water) that mimics the
epithelial damage characteristic of ulcerative colitis [49].

SPRINGER NATURE
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Fig. 4 Loss of MLKL or RIPK3 has no impact on sporadic colon
cancer development. a Schematic illustration of the sporadic cancer
model with representative endoscopy images of mice of the indicated
genotypes. b Tumor number at autopsy for mice of the indicated
genotypes. Littermate wild-type mice (MIkI*'") were used as controls.
N> 8 mice per genotype. Male and female mice are indicated, with no
significant differences observed within each sex. Data are presented as
mean = SEM. The power of the wt vs Ripk3 ™" test is 0.225, wt vs
Miki™"~ is 0.054, and MIkI~"~ vs Ripk3~~ is 0.138. ¢ Tumor burden at

In this model, weight loss and immune cell infiltration peak
when the mice are provided normal water, which allowed us
to monitor both epithelial and immune cell infiltration to
mucosal damage in parallel. We observed increased weight
loss in Ripk3™~ and Mikl”~ mice relative to littermate
controls. However, exacerbated colitis, as reflected
by decreased colon lengths [49], was only evident in one of
our experimental repeats using littermate wild-type control
mice. This may suggest variable susceptibility to inflam-
matory pathologies among necroptosis-deficient mice. The
heterogeneity amongst experimental cohorts was reflected
in endoscopic monitoring as well as epithelial damage
scores. Comparisons of pathological changes within all
regions of the colon only implicated MLKL and RIPK3 in
the submucosal immune response in the DC in only one
experimental repeat using matched wild-type littermate
controls. Taking all our data in consideration, they are most
consistent with a nonobligate function for the necroptosis
machinery in driving inflammation in the DSS-induced
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autopsy for mice of the indicated genotypes. Littermate wild-type mice
(MIKI*™*) were used as controls. N> 9 mice per genotype. Male and
female mice are indicated, with no significant differences observed
within each sex. Data are presented as mean + SEM. The power of the
wt vs Ripk3 ™" test is 0.060, wt vs Miki™~ is 0.085, and Mlki™~ vs
Ripk3™~ is 0.114. d Representative tumor H&E-stained sections of the
distal colon from mice of the indicated genotypes at the conclusion of
the experiment. Scale bar: 100 um.

acute colitis model. It is important to note that the absence
of effects caused by necroptosis effector knockout in the
DSS-induced inflammation model and carcinogenesis
models are not because of deficits in statistical power. The
cohort sizes used in our study are comparable to those used
in earlier studies with these models, and power calculations
indicate that overall we have adequate power to detect
statistically-significant differences if they were present in
the data. Together with earlier studies of the impact of
deficiency of necroptotic effectors in mouse models of
disease [12, 58—60], our observations highlight the intrinsic
inter-experiment variability in the DSS-induced acute colitis
model. They underscore the importance of controlling for
differences in commensal microflora, and the sexes and
genetic background of mice when examining the contribu-
tion of the necroptosis machinery (or any other cellular
pathway) to disease using this model.

Recently, pharmacological inhibition of RIPK1 kinase
was reported to protect mice in the CD4*CD45RB"e" T cell
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Fig. 5 Loss of MLKL does not impact tumor burden in the Apc™"
model of intestinal adenomas. a Schematic illustration of tumor

progression in the Apc™" mouse model of intestinal adenomas.

b Adenoma number in mice of the indicated genotypes at ~90, 110,
and >130 days of the age. Data are separated based on location within
the intestine. Proximal Small Intestine (PSI), Middle Small Intestine
(MSI), and colon (C). N >4 mice per genotype. Male and female mice
are indicated, with no significant differences observed within each sex.
Data are presented as mean+SEM. *P <0.05, Student’s unpaired
t test. Power of tests at 90 days for PSI is 0.157, MSI is 0.105, DSI is
0.136, and C is 0.050. Power of tests at 110 days for PSI is 0.072, MSI
is 0.204, DSI is 0.384, and C is 0.861. Power for tests at 130 days for

transfer model of colitis [61], raising the prospect that
necroptosis might contribute to the pathology of other
models of colitis. However, because RIPK1 regulates not
only necroptosis, but also proinflammatory and apoptosis
signaling axes, whether the observed protection is attribu-
table solely to blockade of necroptotic cell death and its
consequences remains to be explored. Such examinations
will have to rely on generation of MLKL-deficient mice on
different genetic backgrounds, such as BALB/c, for appli-
cation of the T-cell directed TNBS model of Crohn’s dis-
ease, or the development of MLKL-selective inhibitors that
are suitable for studies in mice of any genetic background.

We observed no role for RIPK3 or MLKL in multiple
models of GI cancer that we have previously used in the
study of apoptotic regulators [62]. Our findings differ from
some previous reports [42, 63], although the use of litter-
mates was not reported in these studies. This is an important
consideration, because even small genetic differences, such

PSIis 0.491, MSI is 0.051, DSI is 0.118, and C is 0.207. ¢ Adenoma
burden in mice of the indicated genotypes at ~90, 110, and >130 days
of the age. Data are separated based on location within the intestine.
Proximal Small Intestine (PSI), Middle Small Intestine (MSI), and
colon (C). N>4 mice per genotype. Male and female mice are indi-
cated, with no significant differences observed within each sex, with
the exception of the PSI at 130 days, *P=0.02 (¢ test). Data are
presented as mean + SEM. *P < (.05, Student’s unpaired ¢ test. Power
of tests at 90 days for PSIis 0.116, MSI is 0.169, DSI is 0.127, and C
is 0.050. Power of tests at 110 days for PSIis 0.177, MSI is 0.272, DSI
is 0.481, and C is 0.340. Power for tests at 130 days for PSI is 0.297,
MSI is 0.064, DSI is 0.378, and C is 0.054.

as those between C57BL/6 J and C57BL/6NJ mouse strains,
were reported to impact susceptibility of the latter to TNF-
or LPS-induced sterile sepsis [64]. Each of the models that
we employed are epithelial tumor models, driven by specific
aberrations in the WNT-signaling pathway [49], which
mimic the first step of CRC development in humans. Given
the limited impact of loss of RIPK3 or MLKL in the acute-
colitis model, it is reasonable to assume that the mutational
burden in epithelial cells dominates the tumorigenic
response. This would lead to enhanced epithelial cell pro-
liferation and survival, which may outweigh any underlying
immune role for MLKL in these cancer models. This does
not preclude a role for MLKL in other GI cancers, with
roles for inflammation in Gastrointestinal Stromal Tumors
and neuroendocrine tumors not well characterized, and
animal models for these cancers not well developed. Future
studies will play an important role in illuminating which GI
subcompartments are prone to necroptosis-induced
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inflammation and the cell populations that underlie these
phenotypes.

Materials and methods
Mice and treatments

All animal procedures were approved by and conducted in
accordance with the Animal Ethics Committee of the Walter
and Eliza Hall Institute, Australia. Mice lacking functional
alleles for MLKL (Mikl~'~) [20] or RIPK3 (Ripk3~'") [65]
or heterozygous for Apc (Apc™™") [56] have been described
previously. All mice were bred on a C57BL/6] genetic
background. Wild-type littermate controls bred from MikI ™'~
crosses were used for comparison; Ripk3-deficient mice
were maintained as, and bred from, Ripk3’/ ~ homozygotes,
rather than heterozygotes. To minimize variation in gut
microflora, all animals were bred in the same room and
housed on the same rack in a specific pathogen-free barrier
facility at the Walter and Eliza Hall Institute, Australia.
Animals were not randomized within genotype groups.

Acute DSS-induced colitis was elicited by providing
drinking water ad libitum containing 1.5% DSS (w/v; MP
Biomedicals, molecular weight 35,000-50,000 kDa) for
5 days, followed by 3 days of normal drinking water.
Colitis-associated cancer was induced by intraperitoneal
(i.p.) injection of AOM (10 mg/kg; Sigma). One week later,
animals were provided drinking water ad libitum containing
2% DSS (w/v; MP Biomedicals, molecular weight
35,000-50,000 kDa) for 5 days, followed by 2 weeks of
normal drinking water, which was repeated for two cycles
as indicated. For studies on CRC development, animals
received i.p. injections of AOM (10 mg/kg) once weekly
over 6 consecutive weeks. Tumor onset and progression in
the DC were monitored by endoscopy, with the investigator
blinded, as described previously [66].

Tissue collection

At autopsy, colons were excised from the anus to the cae-
cum and measured. Once opened longitudinally, tumors
were enumerated according to their size. For the colon-
associated cancer and CRC models, representative distal
tumor and adjacent nontumor tissues were snap frozen.
Swiss rolls of the entire small intestine or colon were pre-
pared for histological processing.

Immunoblotting
Snap-frozen colon tissue samples were homogenized in ice-

cold RIPA buffer (10 mM Tris-HCI (pH 8.0), 1 mM EGTA,
1 mM MgCl,, 0.5% (v/v) Triton-X100, 0.1% (w/v) sodium
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deoxycholate, 0.5% (w/v) sodium dodecyl sulfate, 90 mM
NaCl, 1x Protease/Phosphatase Inhibitor Cocktail (Cell
Signaling Technology) and ~250 unit/mL Benzonase) with
a stainless steel bead using a Qiagen TissueLyser II (1 min
at 30 Hz). Homogenates were centrifuged (21,000 x g, 3
min, 4 °C) and the soluble protein concentration determined
by using the bicinchoninic acid assay (Pierce). A total of 60
pg protein of each homogenate was subjected to SDS-
PAGE (NuPAGE 4-12% Bis-Tris pre-cast gels; Life Tech-
nologies) and proteins were then transferred to PVDF
membranes (Immobilon-FL; Millipore). Membranes were
probed with primary antibodies (1 pg/mL) biotinylated
monoclonal rat anti-mouse MLKL antibody (clone 3HI;
[20] produced in-house), 1 pg/mL biotinylated monoclonal
rat anti-mouse RIPK3 antibody (clone 8G7 [9]; produced
in-house), mouse anti-GAPDH (Millipore; clone 6C5), then
the corresponding secondary detection reagents (IRDye
800CW-conjugated streptavidin or IRDye 800CW-
conjugated donkey anti-mouse IgG antibody; Licor) and
the signal was visualized using an Odyssey Infrared Ima-
ging System (LI-COR).

ELISA

Serum obtained from terminal cardiac bleeds, or tissue
protein lysates, were analyzed using a mouse ELISA kit
(Invitrogen) as per the manufacturer’s instructions.

Statistical analysis

All data are presented as mean + SEM and are representa-
tive of two or more experiments. Statistical significance was
determined using a two-tailed Student’s ¢ test or ANOVA
(parametric or non-parametric) with Bonferroni’s post-hoc
as appropriate. Power calculations were performed post-hoc
using the R statistical programming language and the soft-
ware packages pwr (version 1.3-0), pwr2 (version 1.0),
WebPower (version 0.5.2), effsize (version 0.8.0), and
effectsize (version 0.3.3).
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