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Introduction
Interferon regulatory factor 1 (IRF1) is a transcription factor induced in response to interferons (1). IRF1 
plays crucial roles in various physiological and pathological processes, including microbial infection, 
inflammation, innate and adaptive immune responses, and tumor immune surveillance (2, 3). IRF1 con-
trols the gene expression of  guanylate-binding proteins, the inducible nitric oxide synthase, and caspase-1 
(CASP1) (2, 4), which have been implicated in various inflammatory diseases. While IRF1 is protective in 
innate immunity-related inflammatory diseases, it is pathogenic in chronic inflammatory ailments. NOD 
mice deficient in IRF1 are resistant to developing diabetes compared with IRF1-sufficient NOD mice (5). 
Similarly, IRF1-deficient mice exhibit reduced susceptibility to experimental autoimmune encephalomyeli-
tis (6). We have previously found that IRF1 mediates NLRP3 and AIM2 inflammasome activation during 
microbial infection (4, 7, 8). These inflammasomes are associated with providing protective responses 
against colorectal cancer (9, 10).

Chronic inflammation can predispose tissue to cancer development. The tumor suppressor function of  
IRF1 was first identified in Irf1 –/– mouse embryonic fibroblasts (MEFs), which failed to undergo cell death 
in response to γ irradiation, a phenotype similar to that observed in MEFs lacking the tumor suppressor 
p53 (11). Numerous other studies have also elucidated the involvement of  IRF1 in cell proliferation and 
apoptosis (12–15). IRF1 mediates CASP8- or CASP9-driven extrinsic or intrinsic apoptosis in different 
cancer models. IRF1 expression induces apoptosis and inhibits tumor growth in mouse mammary cancer 
cells both in vitro and in vivo (16). Previous clinical studies have also indicated that loss of  IRF1 may affect 
the development of  specific human cancers (17). Specifically, loss of  IRF1 has been reported in esophageal 
and gastric cancers and pulmonary metastasis (18, 19). In addition, a polymorphism in the IRF1 gene is 
detected at a high frequency in human breast cancer lines (20).

Colorectal cancer is one of  the leading causes of  adult cancer-related deaths, and it is projected that 
147,950 new cases will be diagnosed in the United States in 2020 (21). The abnormal proliferation of  
colonic epithelial cells as a result of  mutations in oncogenes and tumor suppressor genes develops into 
colorectal cancer (10). Although the ability of  apoptotic cell death modulation to prevent colorectal cancer 
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has gained significant attention, most cancer cells develop resistance to apoptosis, underscoring the impor-
tance of  other modes of  cell death, such as pyroptosis and necroptosis, in preventing colorectal cancer 
(22). Pyroptosis is mediated by gasdermin D (GSDMD) cleavage upon inflammasome activation (23), 
whereas necroptosis is mediated by mixed lineage kinase domain-like pseudokinase (MLKL) upon acti-
vation of  its upstream kinases receptor-interacting serine/threonine-protein kinase 1 (RIPK1) and RIPK3 
(24). However, the role of  GSDMD and MLKL in colorectal cancer is unknown. The 3 programmed cell 
death pathways, pyroptosis, apoptosis, and necroptosis (PANoptosis), exhibit crosstalk that allows them 
to switch from one mode to another under specific conditions. For instance, upon CASP8 inhibition, the 
activity of  RIPK3 is increased, and cells undergo necroptosis (25). Likewise, RIPK3 inhibition enhances 
the apoptotic activity of  CASP8 (26). The finding that CASP8 and FADD regulate both the canonical and 
noncanonical NLRP3 inflammasome demonstrates an association between apoptosis and pyroptosis (27). 
Furthermore, the apoptotic caspases CASP3 and CASP7 specifically block pyroptosis by cleaving GSDMD 
at a different site from that of  inflammatory caspases (28). Studies have shown that certain molecules, 
including Z-DNA–binding protein 1 (ZBP1) during influenza A virus infection (7) and TGF-β–activated 
kinase 1 (TAK1) (29), can act as master regulators of  all 3 pathways, leading to the establishment of  the 
concept of  PANoptosis (30). Moreover, we recently found that CASP6 is a critical regulator of  ZBP1-me-
diated NLRP3 inflammasome activation and PANoptosis (31). Genetic evidence for the crosstalk among 
pyroptosis, apoptosis, and necroptosis has also been shown in autoinflammatory disease (32). Additionally, 
recent studies have shown an association between necroptosis and pyroptosis in colorectal cancer (33, 34). 
However, the regulation and relevance of  cell death executed by this integrated model remain unknown 
in this disease. Hence, promoting PANoptosis (30) could hold great therapeutic potential for colorectal 
cancer. Given that IRF1 is a transcription factor, it can induce the expression of  upstream death receptors, 
ligands, caspases, or proteases that subsequently prepare the cell to undergo PANoptosis. Although IRF1 
has been implicated in the immunobiology of  some cancers, its precise role in the development of  colorec-
tal cancer remains unknown.

Here, we found that Irf1–/– mice were hypersusceptible to colitis-associated colorectal cancer (CAC). 
Although the production of  proinflammatory cytokines was similar to that of  WT mice, there was 
decreased cell death in the colons of  Irf1–/– mice, which was associated with the impaired activation of  
apoptotic caspases (CASP7 and CASP3) and pyroptotic GSDMD, and reduced necroptosis. Overall, this 
study identifies IRF1 as a regulator of  PANoptosis to restrict tumorigenesis.

Results
IRF1 inhibits colitis-associated tumorigenesis. To investigate the role of  IRF1 in CAC, we used the established 
azoxymethane/dextran sodium sulfate (AOM/DSS) model to induce tumorigenesis in the colons of  mice. 
WT and Irf1–/– mice were given a single injection of  the DNA-damaging agent AOM and administered 3 
cycles of  DSS in drinking water (Supplemental Figure 1A; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.136720DS1). First, we compared the expression of  the gene 
encoding IRF1 between tumor and nontumor tissue obtained from the colons of  WT mice 80 days after 
AOM injection. There was decreased Irf1 expression in tumor tissue compared with nontumor tissue in 
WT mice (Supplemental Figure 1B). In line with this, tumor tissue from WT mice exhibited reduced pro-
tein levels of  IRF1 in comparison with nontumor tissue (Supplemental Figure 1C). Moreover, we observed 
decreased IRF1 protein expression in both tumor and nontumor tissue at day 80 when compared with the 
normal colons of  WT mice (day 0; Supplemental Figure 1C), suggesting an association between IRF1 
and CAC. To further understand the relevance of  the association between IRF1 and the development of  
colorectal cancer, we analyzed publicly available data from The Cancer Genome Atlas database to under-
stand this association in humans. The analyzed data revealed a statistically significant reduction in IRF1 
expression in the colons of  patients with late-stage (stage IV) colorectal cancer (Supplemental Figure 1D). 
Furthermore, survival analyses in patients with colorectal cancer revealed shorter survival for patients with 
lower IRF1 expression (Supplemental Figure 1E), suggesting that decreased IRF1 expression is associated 
with poor prognosis in human colorectal cancer.

To understand the mechanistic role of  IRF1 in colorectal tumorigenesis, we monitored body weight 
change and prevalence of  tumors in WT and Irf1–/– mice 80 days after AOM injection. Both genotypes lost 
body weight similarly after each cycle of  DSS (Figure 1A). However, the colons of  Irf1–/– mice had a higher 
tumor burden in terms of  both number of  tumors and tumor size compared with WT mice (Figure 1, B–D). 
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Figure 1. IRF1 prevents colitis-associated colorectal tumorigenesis. (A) Body weight change of WT (n = 10) and Irf1–/– (n = 10) mice from 1 experiment 
(representative of 3 independent experiments). (B) Representative images of colon tumors in WT and Irf1–/– mice 80 days after injection of azoxymethane 
(AOM). (C) Number of colon tumors in WT (n = 14) and Irf1–/– (n = 12) mice. (D) Percentage of tumors of various sizes 80 days after AOM injection. (E) Rep-
resentative H&E staining of colon tumors. Scale bar: 200 μM. (F) Histological scores 80 days after injection of AOM. (G) Percentage of mice with dysplasia 
80 days after AOM injection. (H) Percentage of mice with adenocarcinoma 80 days after AOM injection. Data are from 1 experiment (representative of 3 
independent experiments). Each symbol represents 1 individual mouse (C and F). ***P < 0.001; ****P < 0.0001. The 2-tailed t test (C) and 2-way ANOVA 
(F) were used. Data are represented as mean ± SEM.
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Histopathological analysis revealed thickening of  the colons in Irf1–/– mice relative to those in WT mice 
(Figure 1E). Histological hallmarks associated with inflammation, ulceration, hyperplasia, and the extent 
or severity of  damage were more frequently identified in the middle and distal colons and the rectums of  
Irf1–/– mice compared with the corresponding regions in WT mice (Figure 1F). Irf1–/– mice suffered from 
a high grade of  dysplasia and adenocarcinoma more frequently than WT mice (Figure 1, G and H), sug-
gesting that IRF1 restricts colitis-associated colorectal tumorigenesis. To determine the tissue-specific role 
of  IRF1, we generated mice lacking IRF1 in myeloid cells and epithelial cells and subjected these mice to 
AOM/DSS. The colons of  mice lacking IRF1 in either myeloid cells (LysMCreIrf1fl/fl) or epithelial cells (Vil-
linCreIrf1fl/fl) presented with higher tumor burden in terms of  both number and size of  tumors compared with 
WT mice (Figure 2, A–C), despite a lack of  significant body weight change among these mice after DSS 
administration (Figure 2D). Moreover, mice lacking IRF1 globally displayed more tumors in the colons 
compared with mice lacking IRF1 in myeloid cells or epithelial cells only (Figure 2, A and B), suggesting 
that IRF1 restricts the development of  tumorigenesis by functioning in both myeloid cells and epithelial 
cells. To further investigate the role of  IRF1 in restricting tumorigenesis, we used a spontaneous mouse 
model of  colon cancer. In this model, the mouse line containing a heterozygous mutation in the gene 
encoding adenomatous polyposis coli (ApcMin/+) was crossed with Irf1−/− mice. We found that ApcMin/+Irf1−/− 
mice had a higher tumor burden than ApcMin/+ control mice in terms of  both the number and size of  tumors, 
suggesting that IRF1 also plays a tumor suppressive role in a sporadic model of  colon cancer (Figure 3).

IRF1 does not regulate colonic inflammation. Considerable evidence indicates that inflammation exac-
erbates the development of  CAC (35). Hence, an increased inflammatory response in the colons of  
Irf1–/– mice after DSS administration may predispose them to tumorigenesis. To investigate the role of  
IRF1 in colitis, cohorts of  WT and Irf1–/– mice were subjected to AOM injection and a single round of  
DSS. Body weight change and inflammatory responses were monitored in these mice for 14 days after 
AOM injection. There was no significant difference in weight change, colon length, and overall histo-
logical scores associated with inflammation, ulceration, hyperplasia, and the extent or severity of  dam-
age between WT and Irf1–/– mice (Figure 4, A–E). Consistent with this observation, major inflammatory 
signaling pathways were similarly activated in the colons of  these mice (Figure 4F). Inflammatory 
cytokines and chemokines produced during colitis affect tumor development by providing survival cues 
to tumor cells (10). Despite the known role of  IRF1 in inflammasome activation, we found the levels of  
major inflammatory cytokines and chemokines to be similar in the colons of  WT and Irf1–/– mice at day 
14 after AOM injection (Figure 4G). However, some of  the cytokines, such as IL-6, TNF, KC, IL-17, 
and MCP-1, were found at higher levels in the colons of  Irf1–/– mice than in the colons of  WT mice 
80 days after AOM injection (Figure 4G). This increase may be a consequence of  overt tumor growth 
in the IRF1-deficient mice. Moreover, we used flow cytometry to profile the immune cell composition 
in the colons of  WT and Irf1–/– mice 14 days after AOM injection. We observed similar frequencies 
of  macrophages, neutrophils, dendritic cells, B cells, and CD4+ T cells (Supplemental Figure 2) in the 
colons of  WT and Irf1–/– mice at day 0 and day 14 after AOM injection. However, the frequency of  
CD8+ T cells in the colons of  Irf1–/– mice was significantly lower than in the colons of  WT mice at both 
day 0 and day 14. This is likely due to the role of  IRF1 in T cell selection processes and the differenti-
ation of  CD8+ cells (36). Altogether, these data suggest that IRF1 is dispensable for the regulation of  
inflammatory responses during colitis.

IRF1 regulates PANoptosis. Colonic cells undergo cell death following inflammation and DNA 
damage, which may inhibit colorectal tumorigenesis (37). Dysregulation of  or an acquired resis-
tance to cell death eventually leads to the development of  CAC (38–40). Given that the increased 
susceptibility to tumor development in Irf1–/– mice could not be explained by differences in inflam-
masome activity or inflammatory mediators, we asked whether IRF1 regulated cell death following 
exposure to AOM and DSS. We used immunohistochemistry to identify the cells undergoing death 
in the colons of  WT and Irf1–/– mice. We observed a reduced number of  TUNEL+ cells in the colons 
of  Irf1–/– mice 14 and 80 days after AOM injection compared with those of  WT mice, whereas no 
difference was observed in untreated (day 0) WT and Irf1–/– mice (Figure 5A). In line with reduced 
cell death in the colons of  Irf1–/– mice, we observed defective CASP3 and CASP7 activation in 
the colons of  Irf1–/– mice 14 and 80 days after AOM injection with respect to WT mice (Figure 5, 
B and C), suggesting that IRF1 plays a role in apoptosis under these conditions. The roles of  the 
inflammatory cell death pathways pyroptosis and necroptosis in CAC have not been clearly defined 

https://doi.org/10.1172/jci.insight.136720
https://insight.jci.org/articles/view/136720#sd


5insight.jci.org   https://doi.org/10.1172/jci.insight.136720

R E S E A R C H  A R T I C L E

to date (9, 10). Pyroptosis is primarily implicated in clearing microbial pathogens during infection. 
However, recent studies have focused on tumor pyroptosis as an alternative mode of  cell death for 
the treatment of  cancer (41). Herein, we found reduced expression and activation of  the pyroptosis 
executioner, GSDMD, in the colons of  mice lacking IRF1 (Figure 5D), suggesting that IRF1 regu-
lates pyroptosis. Consistent with the reduced expression of  GSDMD observed in Irf1–/– mice, recent 
studies have found that IRF1 and IRF2 transcriptionally induce GSDMD for pyroptotic cell death 
(42, 43). An alternative mode of  programmed cell death that overcomes resistance to both apoptosis 
and pyroptosis by triggering and amplifying antitumor immunity in cancer therapy is necroptosis 
(44). Necroptosis is executed by MLKL, which is phosphorylated and activated to form pores in the 
membrane (24). Necroptosis has been shown to be involved in the regression of  colorectal tumors 
(34). In our study, colons of  mice lacking IRF1 showed reduced expression of  MLKL compared 
with the colons of  WT mice (Figure 5D). In addition, we observed reduced cell death in organoids 
(Figure 5E) and bone marrow–derived macrophages (BMDMs) (Supplemental Figure 3) derived 
from Irf1–/– mice as compared with those of  WT mice in response to the necroptotic trigger TNF 
+ zVAD, further supporting the role of  IRF1 in necroptosis. In principle, a multitude of  different 
stimuli can initiate the activation of  cell death machinery, which subsequently leads to different 
modes of  cell death (45). To further understand the role of  IRF1 in different modes of  cell death, 

Figure 2. IRF1 functions in both the myeloid and epithelial cell to prevent colitis-associated colorectal tumorigenesis. (A) Representative images of colon 
tumors in WT, LysMCreIrf1fl/fl, VillinCreIrf1fl/fl, and Irf1–/– mice 80 days after azoxymethane (AOM) injection. (B) Number of colon tumors in WT (n = 10), LysMCreIrf1fl/fl (n 
= 10), VillinCreIrf1fl/fl (n = 10), and Irf1–/– (n = 7) mice. (C) Percentage of tumors of various sizes in WT, LysMCreIrf1fl/fl, VillinCreIrf1fl/fl, and Irf1–/– mice 80 days after AOM 
injection. (D) Body weight change in WT, LysMCreIrf1fl/fl, VillinCreIrf1fl/fl, and Irf1–/– mice 80 days after AOM injection. Each symbol represents 1 individual mouse in B. 
*P < 0.01; ****P < 0.0001. One-way ANOVA (B) was used. Data are representative of 2 independent experiments. Data are represented as mean ± SEM.
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we stimulated BMDMs with staurosporine, shikonin, and RSL3, which have been extensively used 
as classical inducers of  apoptosis, necroptosis, and ferroptosis, respectively (46). The dynamics of  
cell death induced by these triggers were similar between WT and Irf1–/– BMDMs, suggesting that 
IRF1 in macrophages is dispensable for mediating cell death in response to these classical triggers 
(Supplemental Figure 4, A–C). Overall, we identified IRF1 as a master regulator of  PANoptosis in 
the colon during colorectal tumorigenesis through its function in both the myeloid and epithelial 
compartment to prevent colorectal cancer.

Discussion
Our understanding of  the tumor-suppressive function of  IRF1 is largely based on several in vitro studies 
where IRF1 has been shown to regulate cellular proliferation and apoptosis (12–15, 47). However, how 
IRF1 affects tumorigenesis in a physiological setting has remained unexplored. In this study, we used an 
AOM/DSS-induced model and a sporadic model to investigate the role of  IRF1 in colorectal tumorigene-
sis and showed that mice deficient in IRF1 were more susceptible to the development of  CRC. It is known 
that continuous colonic inflammation predisposes tissue to CRC development. However, inflammasome 
signaling inhibits the development of  CRC, and we have previously identified the role of  IRF1 in inflam-
masome activation (4). The tumor-suppressive function of  IRF1 was not associated with the regulation 
of  inflammasome activation and inflammatory cytokines in the colon. Colitis results in the production 

Figure 3. IRF1 prevents colorectal cancer in an ApcMin/+ model of tumorigenesis. (A) Representative images of colon 
tumors in 120-day-old littermate ApcMin/+, ApcMin/+Irf1+/-, and ApcMin/+Irf1−/− mice. (B) Number of colon tumors in 120-day-
old littermate ApcMin/+ (n = 5), ApcMin/+Irf1+/– (n = 5), and ApcMin/+Irf1−/− (n = 5) mice. (C) Percentage of tumors of various 
sizes in 120-day-old littermate ApcMin/+, ApcMin/+Irf1+/–, and ApcMin/+Irf1−/− mice. Each symbol represents 1 individual mouse 
in B. **P < 0.01. One-way ANOVA (B) was used. Data are represented as mean ± SEM.
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of  inflammatory cytokines and chemokines that drive tumor development and provide survival signals 
for tumor cells (10). However, these cytokines and chemokines were similarly produced in the colons of  
WT and Irf1–/– mice, indicating an inflammation-independent role for IRF1 in colon tumorigenesis. This 
inflammation independence is further supported by increased tumor burden in ApcMin/+ mice deficient in 
IRF1. Despite the similar cytokine profiles, we observed reduced cell death in the colons of  Irf1–/– mice 
compared with WT mice, suggesting a cell-intrinsic function for IRF1 in inhibiting survival signaling in 
response to these inflammatory cytokines. The reduced cell death in Irf1–/– BMDMs in response to TNF + 
zVAD but not in response to staurosporine, shikonin, and RSL3 further supports a cell-intrinsic function 
for IRF1-mediated inhibition of  survival signaling. Indeed, inflammatory cytokines, especially TNF and 
IFN-γ, are induced during colitis and act synergistically to cause cell death (48). Future studies are war-
ranted to understand the role of  IRF1 in cytokine-mediated cell death.

The appearance of  an additional lower-molecular-weight product of  IRF1 in the tumor tissue may 
be a cleaved form or a splice variant. Overtly activated executioners CASP3 and CASP7 may further 
cleave IRF1 in the tumor microenvironment to inactivate it and thus possibly promote tumor progres-
sion. These caspases are well known for their ability to cleave various signaling proteins, switching 
them into functionally inactive forms (49). Other studies have suggested that splicing aberrations in 
the IRF1 gene also account for the loss of  IRF1 expression (50, 51). Although we observed the role of  
IRF1 in myeloid and epithelial cells in conferring protection against colon tumorigenesis, the function 
of  IRF1 in other cell types cannot be overlooked. For instance, the presence of  myofibroblasts around 
adenomatous colorectal polyps and primary tumor sites has previously been described, and their prev-
alence correlates with a higher rate of  colon cancer recurrence (52, 53). The loss of  IRF1 in subepi-
thelial myofibroblasts and fibroblasts could contribute to the increased tumor formation in whole-body 
knockout mice. Future studies are warranted to understand the role of  IRF1 in these fibroblasts and 
other cell types to prevent tumor formation in the colon.

Although the expression and activation of  the pyroptosis executioner, GSDMD, is reduced in the 
colons of  mice lacking IRF1, the production of  IL-18 in the colon was similar in both the WT and Irf1–/– 
mice, suggesting that either a low level of  GSDMD cleavage is sufficient or that other compensatory path-
ways exist for the release of  IL-18 in the colon. The similar amount of  IL-18 in both genotypes also implies 
that IRF1 provides protection against CAC independent of  IL-18 signaling (54, 55). Consistent with the 
reduced expression of  GSDMD observed in Irf1–/– mice, recent studies have found that IRF1 and IRF2 
transcriptionally induce GSDMD for pyroptotic cell death (42, 43).

Because cancer cells can develop resistance to apoptosis induced by currently available chemothera-
peutics (22), therapeutic agents that activate multiple forms of  cell death in parallel could overcome this 
limitation in cancer therapy. In addition, molecular switching from one form of  cell death to another could 
be an effective strategy for efficient killing of  cancerous cells. Therefore, IRF1 could be an effective target in 
modulating multiple forms of  cell death to enhance the effectiveness of  cancer therapy.

Overall, in this study, we identified IRF1 as a master regulator of  PANoptosis in the colon to suppress 
tumorigenesis. Understanding the precise functions of  IRF1 in regulating these forms of  cell death could 
open new avenues in the treatment of  different forms of  cancer.

Methods
Mice. Irf1–/– mice (56) have been previously described. CMV-Cre mice were used to delete the condi-
tional floxed Irf1 allele to generate the Irf1–/– mice. B6.129P2-Lyztm1(cre)Ifo/J (004781, The Jackson Lab-
oratory) and B6.Cg-Tg(Vil-cre)997Gum/J mice (004586, The Jackson Laboratory) were used to delete 
the conditional floxed Irf1 allele in a cell-type–specific manner. C57BL/6J-ApcMin/+/J mice (002020, 

Figure 4. IRF1 does not regulate inflammation in the colon. (A) Body weight change of WT (n = 10) and Irf1–/– (n = 10) mice from 1 experiment 
(representative of 3 independent experiments). (B and C) Representative images of colon (B) and length of colon (C) in WT (n = 10) and Irf1–/– (n 
= 10) mice 14 days after azoxymethane (AOM) injection. (D) Histological scores. (E) Representative H&E staining of colon. Scale bar: 500 μM. 
(F) Immunoblot analysis of IRF1, phosphorylated and total ERK1 and ERK2 (P-ERK1/2 and ERK1/2, respectively), phosphorylated and total IκBα 
(P-IκBα and IκBα, respectively), phosphorylated and total STAT3 (P-STAT3 and STAT3, respectively), and GAPDH (loading control) in colons of WT 
and Irf1–/– mice. Blots represent data from the same biological samples run in parallel. (G) Levels of inflammatory cytokines in the colons of WT and 
Irf1–/– mice at day 0, 14, and 80 after AOM injection. Each symbol represents 1 individual mouse (C, D, and G). *P < 0.05; **P < 0.01; ****P < 0.0001. 
The 2-tailed t test (C and D) or 1-way ANOVA (G) were used. Data are from 1 experiment (representative of 3 independent experiments) (A–F) or 
pooled from 2 independent experiments (G). Data are represented as mean ± SEM.

https://doi.org/10.1172/jci.insight.136720


9insight.jci.org   https://doi.org/10.1172/jci.insight.136720

R E S E A R C H  A R T I C L E

Figure 5. IRF1 regulates PANoptosis. (A) Representative images of TUNEL staining of colons from azoxymethane/dextran sulfate sodium–treated (AOM/
DSS-treated) WT and Irf1–/– mice on days 0, 14, and 80. (B) Representative images of cleaved caspase-3 (CASP3) staining of colon tissues from DSS-treat-
ed WT and Irf1–/– mice on days 0 and 14 after AOM injection. Scale bar: 100 μM. (C) Immunoblot analysis of the pro- and cleaved forms of CASP3 and 
caspase-7 (CASP7) in colons of WT and Irf1–/– mice on days 0, 14, and 80 after AOM injection. Blots represent data from the same biological samples at the 
indicated time point run in parallel. (D) Immunoblot analysis of GSDMD and MLKL in colons of WT and Irf1–/– mice 14 days after AOM injection. Blots repre-
sent data from the same biological samples run in parallel. (E) Cell death analysis of intestinal organoids derived from WT and Irf1–/– mice after stimulation 
with TNF + zVAD. **P < 0.01; ***P < 0.001. The 2-tailed t test (E) was used. Data are representative of 3 independent experiments. Data are represented 
as mean ± SEM.
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The Jackson Laboratory) were used as an ApcMin model of  colorectal tumorigenesis. All mice were bred 
at St. Jude Children’s Research Hospital.

AOM/DSS model of  colorectal tumorigenesis. Both male and female mice were injected with 10 mg AOM 
(MilliporeSigma) per kg body weight according to previously established protocols (35). Five days later, 
2.5% DSS (9011-18-1, Affymetrix) was given in the drinking water for 6 days, followed by regular drinking 
water for 2 weeks. This cycle was repeated twice with 2% DSS, and mice were sacrificed on day 80 (Supple-
mental Figure 1A). For day 14 samples, mice were injected with AOM and, after 5 days, administered 2.5% 
DSS for 6 days. Mice were then administered regular water for 3 days and sacrificed. Mice were cohoused 
for 4 weeks before AOM injection and remained separated over the course of  the experiment. No random-
ization or blinding was performed.

ApcMin model of  colorectal tumorigenesis. ApcMin/+ mice were genetically crossed with Irf1–/– mice to generate 
littermate ApcMin/+, ApcMin/+Irf1+/–, and ApcMin/+Irf1–/– mice. These littermates were harvested to look for the 
prevalence of  tumors in the colon.

Histology and microscopy analysis. Colons were rolled into a “Swiss roll” and fixed in 10% formalin and 
then processed and embedded in paraffin by standard techniques. Longitudinal sections of  5-μm thickness 
were stained with H&E and examined by a pathologist blinded to the experimental groups. Colitis scores 
were assigned based on inflammation, ulceration, hyperplasia, and the extent or severity of  the damage. 
Severity scores for inflammation were assigned as follows: 0, normal (within normal limits); 2, minimal 
(mixed inflammation, small, focal, or widely separated, limited to lamina propria); 15, mild (multifocal 
mixed inflammation, often extending into submucosa); 40, moderate (large multifocal lesions within mixed 
inflammation involving mucosa and submucosa); 80, marked (extensive mixed inflammation with edema 
and erosions); and 100, severe (diffuse inflammation with transmural lesions and multiple ulcers). Scores 
for ulceration were assigned as follows: 0, normal (none); 2, minimal (only 1 small focus of  ulceration 
involving fewer than 5 crypts); 15, mild (a few small ulcers, up to 5 crypts); 40, moderate (multifocal ulcers, 
up to 10 crypts); 80, marked (multifocal to coalescing ulcers involving more than 10 crypts each); and 100, 
severe (extensive to diffuse, with multiple ulcers covering more than 20 crypts each). Scores for hyperplasia 
were assigned as follows: 0, normal; 2, minimal (some areas with crypts elongated and increased mitoses); 
15, mild (multifocal areas with crypts elongated up to twice the normal thickness, normal goblet cells pres-
ent); 40, moderate (extensive areas with crypts up to 2 times normal thickness, reduced goblet cells); 80, 
marked (mucosa over twice the normal thickness, hyperchromatic epithelium, reduced or rare goblet cells, 
possibly foci of  arborization); and 100, severe (mucosa twice the normal thickness, marked hyperchroma-
sia, crowding/stacking, absence of  goblet cells, high mitotic index, and arborization). Damage extent scores 
were assigned as follows: 0, normal (rare or inconspicuous lesions); 2, minimal (less than 5% involvement); 
15, mild (multifocal but conspicuous lesions, 5%–10% involvement); 40, moderate (multifocal, prominent 
lesions, 10%–50% involvement); 80, marked (coalescing to extensive lesions or areas of  inflammation with 
some loss of  structure, 50%–90% involvement); and 100, severe (diffuse lesion with effacement of  normal 
structure, >90% involvement).

TUNEL staining was performed using the In Situ Cell Death Detection Kit (11684817910, MilliporeSig-
ma) according to the manufacturer’s instructions. Cleaved CASP3 staining was performed according to the 
manufacturer’s instructions (catalog 4704, Essen Biosciences). Tissues were counterstained with hematoxylin.

Cytokine measurement by ELISA. Cytokines in the colon were measured by ELISA according to manu-
facturer’s instructions. IL-18 was measured using an ELISA kit (catalog BMS618-3TEN, eBioscience). All 
other cytokines were measured using a multiplex ELISA (catalog MCYTOMAG-70K, MilliporeSigma).

Western blotting. Cell lysates and culture supernatants were combined in caspase lysis buffer (contain-
ing protease inhibitors, phosphatase inhibitors, 10% NP-40, and 25 mM DTT) and sample loading buffer 
(containing SDS and 2-mercaptoethanol) for immunoblot analysis of  caspases. For immunoblot analysis 
of  signaling components, supernatants were removed, and cells were washed once with PBS, followed 
by lysis in RIPA buffer and sample loading buffer. Proteins were separated by electrophoresis through 
8%–12% polyacrylamide gels (57). Following electrophoretic transfer of  proteins onto PVDF membranes 
(IPVH00010, MilliporeSigma), nonspecific binding was blocked by incubation with 5% skim milk, and 
then membranes were incubated with primary antibodies against CASP3 (9662, Cell Signaling Technology 
[CST]), cleaved CASP3 (9661, CST), CASP7 (9492, CST), cleaved CASP7 (9491, CST), CASP8 (AG-20T-
0138-C100, AdipoGen), cleaved CASP8 (8592, CST), IRF1 (8478, CST), P-ERK (9101, CST), ERK (9102, 
CST), P-IκBα (9241, CST), IκBα (9242, CST), P-STAT3 Tyr705 (9131, CST), STAT3 (9139, CST), and 
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GAPDH (5174, CST). Membranes were then washed and incubated with the appropriate HRP-conjugated 
secondary antibodies (111-035-047, anti-rabbit; 315-035-047, anti-mouse; 705-035-003, anti-goat; Jackson 
ImmunoResearch Laboratories). Proteins were visualized using Luminata Forte Western HRP Substrate 
(WBLUF0500, MilliporeSigma).

RT-PCR analysis. RNA was extracted using TRIzol (15596026, Thermo Fisher Scientific) according to 
the manufacturer’s instructions. The isolated RNA was reverse-transcribed into cDNA using a First-Strand 
cDNA Synthesis Kit (4368814, Applied Biosystems). Real-time quantitative PCR was performed on an 
ABI 7500 RT-PCR instrument using 2× SYBR Green (4368706, Applied Biosystems) and the appropriate 
primers. Sequences for qRT-PCR primers are listed in Supplemental Table 1.

Cell culture and real-time imaging for cell death. Primary mouse BMDMs were cultured as described pre-
viously (35). BMDMs (5 × 105 cells/well) were seeded in 24-well plates. Cells were stimulated with 50 ng/
mL TNF (315-01A, PeproTech), 50 ng/mL LPS (Invivogen), 25 μM zVAD-FMK (Calbiochem), 25 μM 
Nec1 (MilliporeSigma), 1 μM staurosporine (S5921, MilliporeSigma), 5 μM shikonin (S7576, MilliporeSig-
ma), or 5 μM RSL3 (SML2234, MilliporeSigma) and stained with propidium iodide (P3566, Life Technol-
ogies) following the manufacturers’ protocols. The plate was scanned, and fluorescence and phase-contrast 
images (4 image fields/well) were acquired in real time every hour after stimulation. Resulting images were 
analyzed using the software package supplied with the IncuCyte imager (Essen Bioscience).

Flow cytometry. Colons were first dissected and then washed with ice-cold PBS. Washed colons were cut into 
small pieces, which were incubated in PBS containing 10 mM HEPES, 5 mM EDTA, and 1 mM DTT at 37°C 
for 30 minutes with gentle shaking to remove the epithelial layer. The colon segments were further digested in 
RPMI medium containing 0.5 mg/mL collagenase D at 37°C for 1.5 hours. The supernatant from the digested 
colon segments was passed through a 70-μm cell strainer and enriched using 37.5% percoll to isolate lamina pro-
pria cells. The following monoclonal antibodies were used for flow cytometry: Gr1 (RB6-8C5; 108426), F4/80 
(BM8; 123116), and CD4 (GK1.5; 100408) from BioLegend; CD19 (1D3; 35-0193-U025), NK1.1 (PK136; 
65-5941-U025), TCRb (H57-597; 20-5961-U100), and CD45.2 (104; 60-0454-U025) from Tonbo Biosciences; 
CD11b (M1/70; 48-0112-82) from Invitrogen; CD8a (53-6.7; 48-0081-82) from eBioscience; and CD11c (HL3; 
557401) from BD Pharmingen. Cells were gated on live single-cell populations and hematopoietic cells using 
the CD45.2 gate followed by separation of each of the specific cell populations using the following cell surface 
markers: macrophages (CD11b+, F4/80+), dendritic cells (CD11c+ Gr1–), neutrophils (CD11b+, Gr1hi), NK cells 
(NK1.1+), CD8 T cells (TCRb+, CD8+, CD4–), and CD4 T cells (TCRb+, CD8–, CD4+).

Colon organoid culture. Mouse colon stem cells were cultured using IntestiCult Organoid Growth Media 
according to the manufacturer’s instructions (STEMCELL Technologies). The whole colon was removed 
from untreated WT and Irf1–/– mice and rinsed with cold PBS. The colon was cut into 2-mm segments and 
washed 20 times with cold PBS. Colonic segments were incubated in Gentle Cell Dissociation Reagent 
(STEMCELL Technologies) and rotated on a rocking platform for 15 minutes at room temperature, fol-
lowed by resuspension in 0.1% BSA in PBS. Dissociated colonic crypts were vigorously suspended. Cells 
were filtered through 70-μm strainers, mixed with Matrigel (356230, Corning), and plated in 24-well culture 
plates (3738, Corning). IntestiCult Organoid Growth Media was added to the cell culture plates to immerse 
the Matrigel.

Human cancer patient data analysis. Data from patients at different stages of  disease during CRC were 
obtained from the publicly available The Cancer Genome Atlas database. Patients were classified into 
either high or low IRF1 mRNA expression groups using the best expression cutoff  criterion described in 
the Human Protein Atlas (58, 59).

Statistics. Statistical significance was determined by the 2-tailed Student’s t test or 1- or 2-way ANOVA 
using GraphPad Prism v7.0. The specific test used is indicated in the respective figure legends. P < 0.05 was 
considered statistically significant.

Study approval. All animal studies were conducted under protocols approved by St. Jude Children’s Research 
Hospital’s committee on the use and care of animals and in accordance with all relevant ethical guidelines.
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