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Abstract
Constitutively active KRAS mutations are among the major drivers of lung cancer, 
yet the identity of molecular co-operators of oncogenic KRAS in the lung remains 
ill-defined. The innate immune cytosolic DNA sensor and pattern recognition re-
ceptor (PRR) Absent-in-melanoma 2 (AIM2) is best known for its assembly of mul-
tiprotein inflammasome complexes and promoting an inflammatory response. Here, 
we define a role for AIM2, independent of inflammasomes, in KRAS-addicted lung 
adenocarcinoma (LAC). In genetically defined and experimentally induced (nicotine-
derived nitrosamine ketone; NNK) LAC mouse models harboring the KrasG12D driver 
mutation, AIM2 was highly upregulated compared with other cytosolic DNA sen-
sors and inflammasome-associated PRRs. Genetic ablation of AIM2 in KrasG12D and 
NNK-induced LAC mouse models significantly reduced tumor growth, coincident 
with reduced cellular proliferation in the lung. Bone marrow chimeras suggest a re-
quirement for AIM2 in KrasG12D-driven LAC in both hematopoietic (immune) and non-
hematopoietic (epithelial) cellular compartments, which is supported by upregulated 
AIM2 expression in immune and epithelial cells of mutant KRAS lung tissues. Notably, 
protection against LAC in AIM2-deficient mice is associated with unaltered protein 
levels of mature Caspase-1 and IL-1β inflammasome effectors. Moreover, genetic ab-
lation of the key inflammasome adapter, ASC, did not suppress KrasG12D-driven LAC. 
In support of these in vivo findings, AIM2, but not mature Caspase-1, was upregulated 
in human LAC patient tumor biopsies. Collectively, our findings reveal that endog-
enous AIM2 plays a tumor-promoting role, independent of inflammasomes, in mutant 
KRAS-addicted LAC, and suggest innate immune DNA sensing may provide an avenue 
to explore new therapeutic strategies in lung cancer.
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1  |  INTRODUC TION

Non–small-cell lung cancer (NSCLC) comprises ~85% of all lung can-
cers, and is the leading cause of cancer-related mortality worldwide, 
with the majority of NSCLC patients presenting with the histological 
subtype lung adenocarcinoma (LAC).1,2 Lung cancer is strongly as-
sociated with tobacco smoking, and a common disease-associated 
consequence of the genotoxicity of tobacco smoke carcinogens 
such as nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butano
ne (nicotine-derived nitrosamine ketone; NNK) is activating muta-
tions (e.g., G12C, G12D) in the KRAS proto-oncogene, present in 
25%–30% of NSCLC patients and linked to poor survival.3–7 Notably, 
mouse strains that express human KRASG12C or mouse KrasG12D mu-
tant alleles in the lung epithelium spontaneously develop LAC.8–10 
Prolonged tobacco smoke exposure in the lung also triggers over-
activation of the innate immune response, leading to chronic in-
flammation that is associated with ~80% of NSCLC cases.11,12 
Furthermore, a low-grade inflammatory response (predominantly 
comprising innate immune macrophages and neutrophils) occurs in 
the lungs of the KrasG12D LAC mouse model.13–15 Despite the asso-
ciation between chronic lung inflammation and NSCLC, the identity 
of disease-associated molecular regulators of innate immunity in 
NSCLC remains obscure.

A recent clinical trial (CANTOS) involving anti-IL-1β therapy on ath-
erosclerotic patients unexpectedly suggested that targeting the pro-
inflammatory cytokine IL-1β may be beneficial in preventing NSCLC.16 
The production of mature IL-1β, and the related IL-18 cytokine, is gov-
erned by multiprotein “inflammasome” complexes of innate immunity 
containing specific pattern recognition receptors (PRRs), the best docu-
mented being NOD-like receptors NLRC4, NLRP1, NLRP3, NLRP6 and 
NLRP12, along with the cytosolic DNA sensor, Absent-in-melanoma 
2 (AIM2).17,18 Upon ligand sensing, these PRRs associate with the 
adapter protein Apoptosis-associated Speck-like protein containing 
a CARD (ASC) to form distinct oligomeric inflammasome complexes 
that recruit Caspase-1 to catalyze maturation of inactive pro-IL-18 and 
pro-IL-1β into bioactive, secreted IL-18 and IL-1β cytokines.17,18 Among 
these PRRs, AIM2 has recently attracted considerable interest for its 
diverse and often opposing tumor-promoting or tumor-inhibiting activ-
ities in numerous cancers (e.g., colorectal, liver, gastric), which can be 
either inflammasome-dependent or inflammasome-independent.19–23 
In NSCLC, studies on the role of AIM2 have been limited to wild-type 
or mutant KRAS immortalized human NSCLC cell lines, with contrast-
ing inflammasome-dependent or inflammasome-independent tumor-
promoting functions assigned to AIM2 irrespective of KRAS mutation 
status.24,25

To define the in vivo role of endogenous AIM2 in NSCLC, here we 
coupled the genetic ablation of AIM2 with bona fide preclinical ge-
netically engineered KrasG12D and NNK tobacco carcinogen-induced 
LAC mouse models. We revealed that upregulated expression of 
AIM2 in both the immune and epithelial cell compartments of the 
lung promotes mutant KRAS lung carcinogenesis, independent of 
inflammasome activity. We also demonstrate that genetic abla-
tion of the ASC inflammasome adapter has no effect on the LAC 

phenotype of KrasG12D mice. Collectively, these in vivo findings de-
fine an inflammasome-independent role for AIM2 in mutant KRAS 
LAC, and suggest that AIM2 represents an attractive target of in-
nate immunity to develop therapies for NSCLC and potentially other 
KRAS-addicted cancers.

2  |  MATERIAL S AND METHODS

2.1  |  Human biopsies

Human lung tissue biopsies (Table  S1) were either fixed with 4% 
paraformaldehyde and paraffin embedded, or snap-frozen in liquid 
nitrogen. Studies were approved by the Monash Health Human 
Research Ethics Committee, and formal written informed patient 
consent was obtained prior to blood and tissue collection.

2.2  |  Animal studies

All mice were housed under specific pathogen-free conditions. 
Experiments were approved by the Hudson Animal Ethics Monash 
Medical Centre “B” Committee, and were conducted in accordance 
with the ARRIVE guidelines.26

2.2.1  |  KrasG12D model

Male and female 6-week-old KrasLSL-G12D/+ mice on a mixed 129Sv 
× C57BL/6 background were subjected to intranasal inhalation of 
5 × 106 plaque-forming units of Adenovirus Cre recombinase (Ad-
Cre; University of Iowa), generating “KrasG12D mice.”9 By 6 weeks 
post inhalation, KrasG12D mice develop diffuse atypical adenoma-
tous hyperplasia (AAH) and adenomas in the lung, which further 
progress to sporadic adenocarcinoma in  situ (AIS) by 12 weeks 
post inhalation.9,14,15 As a lesion-free control, KrasLSL-G12D/+ mice 
received an equal volume of phosphate-buffered saline (PBS) 
to generate “KrasWT mice.”14 KrasLSL-G12D/+ mice9 were mated 
with Aim2−/−27 or Pycard−/−28 mice on a 129Sv × C57BL/6 back-
ground, and all KrasG12D mouse strains were housed under specific 
pathogen-free conditions.

For inhibitor studies, KrasG12D mice were injected (intraperito-
neal) with a single dose of either the p38 MAPK inhibitor (SB203580; 
10 mg/kg, Sigma), the ERK1/2 inhibitor (U0126; 10 mg/kg, Cell 
Signaling Technology), or dimethyl sulfoxide (DMSO) vehicle (con-
trol) as described previously.15

2.2.2  |  NNK model

Wild-type and Aim2−/− male and female mice aged 6–8 weeks on 
a “pseudo-A/J” background were intraperitoneal injected three 
times on alternate days with NNK (100 mg/kg, Toronto Research 
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Chemicals) dissolved in PBS, or the equivalent volume of PBS as a 
vehicle control.29,30 Mice were culled at 20 weeks post injections.

2.2.3  |  Bone marrow chimeras

KrasLSL-G12D/+ male and female mice aged 6 weeks were lethally ir-
radiated (single 9.5 Gy dose) and reconstituted with 5 × 106 un-
fractionated donor bone marrow cells from KrasG12D mice or 
KrasG12D:Aim2−/− mice. Recipient mice were inhaled with Ad-Cre 
8 weeks thereafter, and were culled 6 weeks following inhalation.

2.3  |  Histology and immunohistochemistry

Dissected human and mouse lungs were formalin-fixed and paraffin-
embedded (FFPE) for sectioning (4–6 μm). Human lung tissues were 
stained with antibodies against AIM2 (HPA031365, Atlas Antibodies) 
and p20 Caspase-1 (Cleaved Asp210; PA5-38099, Invitrogen).20 
Mouse tissues were stained with hematoxylin and eosin (H&E) and 
subjected to blinded histological evaluation. Immunohistochemistry 
was performed with antibodies against AIM2 (63660, Cell Signaling 
Technology) thyroid transcription factor-1 (TTF-1; ab76013, Abcam), 
Ki67 (ab16667, Abcam), Proliferating Cell Nuclear Antigen (PCNA; 
ab18197, AbCam), CD45 (550539, BD Biosciences), B220 (550286, 
BD Biosciences), CD3 (559974, BD Biosciences), cleaved Caspase-3 
(9661, Cell Signaling Technology), pThr202/pTyr204 ERK1/2 MAPK 
(9101S, Cell Signaling Technology), pThr180/pTyr182 p38 MAPK 
(4511S, Cell Signaling Technology), phospho-NF-κB p65 (3031S, 
Cell Signaling Technology), phospho-Akt (4060S, Cell Signaling 
Technology) and cleaved Caspase-1 (PA5-38099, Invitrogen), fol-
lowed by counterstaining with hematoxylin.15,20 Digital photomicro-
graphs (60× high-power fields) were viewed using ImageJ software 
(National Institutes of Health, USA), and positive cellular staining 
was quantified manually per high-power field (n = 20).20

2.4  |  Immunofluorescence

Human FFPE lung sections were stained with antibodies against 
AIM2 (HPA031365, Atlas Antibodies), CC10 (sc-365992, Santa Cruz 
Biotechnology), SP-C (sc-518029, Santa Cruz Biotechnology), and 
CD45 (555480, BD Biosciences), using Alexa Fluor-conjugated second-
ary antibodies (Invitrogen).15,20 Nuclear staining was detected using 
4′,6-diamidino-2-phenylindole (DAPI), and sections subjected to the 
above staining protocol in the absence of primary antibodies served as 
negative controls to indicate the level of background autofluorescence.

2.5  |  ELISA and immunoblotting

ELISAs for IL-1β (R&D Systems) were performed on mouse serum. 
Total protein lysates were prepared from snap-frozen mouse lung 

tissues and subjected to immunoblotting with antibodies against 
Caspase-1 (p45/p20) (AG-20B-0042-C100, AdipoGen), Gasdermin 
D (ab209845, Abcam), IL-1β (BAF401, R&D Systems) and β-tubulin 
(ab6046, Abcam).20 Protein bands were visualized using enhanced 
chemiluminescence with the Chemidoc Imaging System (BioRad), 
and quantified by densitometry using ImageJ software.

2.6  |  RNA isolation and gene expression

Total RNA was isolated from snap-frozen human and mouse lung tis-
sues using TRIzol (Sigma), and quantitative RT-PCR (qPCR) was per-
formed on cDNA with SYBR Green (Life Technologies) using the 
7900HT Fast RT-PCR System (Applied Biosystems). Gene expression 
data acquisition and analyses were performed using the Sequence 
Detection System Version 2.4 software (Applied Biosystems), and are 
normalized to 18S rRNA (human, RNA18S1; mouse, Rn18s). Fold change 
of gene expression was determined using the delta–delta cycle thresh-
old (Ct) method. Primer sequences are available upon request.

2.7  |  The Cancer Genome Atlas data analysis

RNA-Seq HTSeq gene counts and clinical data from the TCGA-LUAD 
cohort were obtained using the TCGAbiolinks package.31 KRAS-
mutant status was obtained from the GDC Data Portal website.32 
Counts were processed and differential expression analysis was per-
formed using the edgeR package33 to create a DGEList object, and 
gene annotation information was obtained using the Homo.sapiens 
package. Recurrent solid tumor samples were excluded and samples 
were grouped by normal (i.e., non-tumor) tissue, KRAS wild-type pri-
mary tumor or KRAS-mutant primary tumor. Lowly expressed genes 
were removed using the “filterByExpr” function with a minimum 
count of 5. Normalization factors were calculated using the TMM 
method and robustified dispersions were estimated.34,35 A quasi-
likelihood model was fit using the “glmQLFit” function,36 and the 
“glmTreat” function was used to compare the wild-type KRAS and 
mutant KRAS primary tumors to normal controls, with a treat fold 
change of 1.5.37 Differentially expressed genes were selected with 
a false discovery rate of <0.05. Expression levels, expressed as log2 
counts per million, were plotted for genes of interest. BRAF-, EGFR-, 
and ERBB2-mutant statuses were also obtained from the GDC Data 
Portal, and EML4–ALK-fusion status was obtained from an analysis 
of TCGA gene fusions.38 For each of these, differential expression 
analyses comparing normal tissue, wild-type primary tumor and mu-
tant primary tumor were performed as for KRAS.

2.8  |  Statistics

Statistics were performed using GraphPad Prism software (ver-
sion 9.3.1), with D'Agostino and Pearson omnibus K2 normality 
tests. Significance between two groups of normal distribution was 
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determined using Student's t-test and Mann–Whitney test was 
performed for non-normally distributed data or smaller data sets. 
One-way analysis of variance (ANOVA) was used to determine dif-
ferences among three or more groups for normally distributed data, 
and Kruskal–Wallis test for non-normally distributed data or smaller 
data sets. A p-value < 0.05 was considered statistically significant, 
as indicated in figure legends along with experimental sample sizes, 
when relevant. All data were expressed as the mean ± standard error 
of the mean (SEM).

3  |  RESULTS

3.1  |  Elevated expression of AIM2 among 
inflammasome-associated PRRs and cytosolic DNA 
sensors in human mutant KRAS LAC

In human NSCLC, AIM2 gene expression has previously been re-
ported to be upregulated and prognostic for poor survival outcomes 
of patients.25 However, the expression profile of AIM2 compared 
with other inflammasome-associated PRRs or cytosolic DNA sen-
sors in NSCLC, including the major NSCLC subtype, mutant KRAS-
addicted LAC, is unknown. Interrogation of TCGA RNA-Seq datasets 
from LAC patients revealed that AIM2 was the only inflammasome-
associated PRR significantly upregulated in KRAS-mutant LAC, and 
also KRAS wild-type (WT) LAC, tumor tissues compared with non-
tumor control tissues (Figure 1A). Compared with other well-known 
cytosolic DNA sensors, AIM2 mRNA levels were also the highest 
and most significantly upregulated (Figure S1A). Interestingly, AIM2 
mRNA levels were also significantly higher in other molecular sub-
types of NSCLC, such as those that are mutant for EGFR, BRAF, 
EML4-ALK, or ERBB2 (Figure S1B).

We further investigated the expression status of AIM2 in the 
prevalent NSCLC molecular subtype, KRAS-mutant LAC. Semi-
quantitative immunohistochemical analyses of an independent LAC 
patient cohort also confirmed significantly increased numbers of 
AIM2-positive cells in tumors from KRAS-mutant LAC patients ver-
sus KRAS WT LAC patients, and tumor-free lung tissues (Figure 1B). 
The morphology of AIM2-positive cells was consistent with epi-
thelial and immune cell types, with predominant cytoplasmic AIM2 
positivity (Figure  1B). Dual immunofluorescence staining with an 
anti-AIM2 antibody together with antibodies against either pan-
immune cells (CD45) or distinct epithelial cell subtypes associated 

with cells of origin in LAC, namely alveolar type-II (surfactant pro-
tein-C, SPC) or Club (CC10) cells, verified that AIM2 was predomi-
nantly expressed in the cytoplasm of SP-C-positive alveolar type-II 
epithelial cells, as well as CD45-positive immune cells, of KRAS-
mutant LAC patient tumors (Figure 1C).

In contrast with AIM2, gene expression levels for key inflam-
masome components ASC (encoded by PYCARD) and Caspase-1 
(CASP1) were not elevated in tumors of KRAS-mutant LAC patients 
(Figure  1A). Furthermore, immunohistochemical cellular staining 
levels for cleaved (i.e., active) Caspase-1 (indicative of inflammasome 
activation) were comparable between tumor-free lung tissues and 
tumors of KRAS-mutant and WT LAC patients, and no significant 
positive correlation was observed between AIM2 and cleaved 
Caspase-1 cellular positivity in human lung tissues (Figure S1C–E). 
Collectively, these findings suggest that elevated AIM2 expression 
in human KRAS-mutant LAC may be independent of inflammasome 
activation.

3.2  |  Genetic ablation of upregulated AIM2 
expression in KrasG12D mice abrogates LAC

To date, the in  vivo expression of endogenous AIM2 in bona fide 
preclinical models of NSCLC, including oncogenic KRAS-driven LAC, 
remains unknown. In the lungs of lesion-bearing KrasG12D mice at 
6 weeks post Ad-Cre inhalation (to induce expression of the onco-
genic KrasG12D allele), among inflammasome-associated components 
and cytosolic DNA sensors, only Aim2 mRNA levels were signifi-
cantly upregulated compared with lesion-free lungs from control 
KrasWT (PBS-inhaled) mice (Figure  2A,B). These observations are 
consistent with our clinical data indicating that AIM2 is upregu-
lated in KRAS-mutant LAC. In this regard, as both p38 and ERK1/2 
MAPKs are downstream effectors of KRAS, we assessed whether 
these pathways were involved in the regulation of AIM2 expression 
by performing immunohistochemical staining analyses (consist-
ent with our clinical data) in KrasG12D mice that were treated with 
an ERK (U0126) or p38 (SB203580) MAPK inhibitor. As shown in 
Figure S2A,B, AIM2 protein expression was significantly reduced in 
lung lesions of KrasG12D mice treated with the p38, but not ERK1/2, 
MAPK inhibitor, suggesting that the p38 ERK MAPK pathway con-
tributes to the induction of AIM2 in KRAS-mutant LAC.

We next assessed whether AIM2 contributed to the pathogen-
esis of oncogenic KRAS-driven LAC by generating KrasG12D mice 

F I G U R E  1  Elevated AIM2 expression in immune and epithelial cells of human KRAS-mutant LAC lung biopsies. (A) Gene expression 
of inflammasome-associated components in KRAS-mutant (MUT) tumor (T; n = 138) and KRAS wild-type (WT) tumor (n = 375) versus 
non-tumor (NT; n = 59) tissues from TCGA LAC patients. False discovery rate adjusted p-values: *p < 0.05, ***p < 0.001, ****p < 0.0001. (B) 
Representative images of AIM2-stained lung sections from non-cancer (N) and tumor (T) tissues from an Australian LAC patient cohort 
stratified into KRAS wild-type or mutant. Scale bars: 100 μm. The graph depicts quantification of AIM2-positive cells/high-power field (HPF) 
in human lung biopsies (n = 5–6/group). (C) Representative immunofluorescence images of lung tumor sections from a KRAS-mutant LAC 
patient co-stained for AIM2 (green) and total immune cells (CD45, red, top panel), alveolar type-II cells (surfactant protein-C (SPC), red, 
middle panel), and club cells (CC10, red, bottom panel). DAPI nuclear staining is blue. Scale bars: 50 μm. White arrowheads, representative 
dual-positive AIM2-expressing immune (top panel) and alveolar type-II (middle panel) cells.
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homozygous null for AIM2 (KrasG12D:Aim2−/−). At 6 weeks post Ad-
Cre inhalation, the area of lung parenchyma affected by diffuse AAH 
and AIS lesions in KrasG12D:Aim2−/− mice was significantly reduced by 
64% compared with KrasG12D littermates (Figure 2C–E; Figure S2C). 
The lungs of KrasG12D:Aim2−/− mice also contained markedly lower 
numbers (by 80%) of lesions versus KrasG12D mice (Figure  2F). 
Furthermore, the numbers of morphologically distinguishable al-
veolar epithelial type-II cells positive for the LAC marker, TTF-1, 
were significantly reduced in lesions and histologically normal lung 
parenchyma of KrasG12D:Aim2−/− versus KrasG12D mice (Figure 2G,H; 
Figure  S2D,E). At 12 weeks following Ad-Cre inhalation, the lungs 
of KrasG12D:Aim2−/− mice also developed fewer advanced AIS le-
sions and TTF-1-positive cells versus age-matched KrasG12D mice 
(Figure  S2F–K). Collectively, these findings suggest a key role for 
AIM2 in promoting KrasG12D-induced LAC.

3.3  |  AIM2 contributes to augmented 
tumor cell proliferation and inflammation in 
KrasG12D-induced LAC

Next, we assessed the cellular processes by which AIM2 promotes 
KRAS-mutant LAC. In the lungs of KrasG12D:Aim2−/− mice, the ab-
rogated LAC phenotype associated with significantly reduced cel-
lular proliferation throughout lesions and unaffected parenchyma, 
measured by cellular reactivity to proliferation markers Ki67 and 
PCNA, compared with KrasG12D mice (Figure 3A–D; Figure S3A,B). In 
contrast, levels of cellular apoptosis (i.e., cleaved Caspase-3 immu-
nostaining) throughout the lungs of KrasG12D and KrasG12D:Aim2−/− 
mice were comparable (Figure 3E,F; Figure S3C,D). The suppressed 
LAC phenotype in KrasG12D:Aim2−/− mice did not appear to associate 
with alterations in angiogenesis, as qPCR gene expression analyses 
showed a comparable profile of an angiogenic gene signature14,15 in 
the lungs of KrasG12D and KrasG12D:Aim2−/− mice (Figure S3E).

As oncogenic KRAS can trigger an inflammatory tumor-
promoting microenvironment in the lung coincident with immune 
cell infiltrates,13,15 we investigated whether suppressed lung tum-
origenesis in KrasG12D:Aim2−/− mice is associated with reduced in-
filtration of immune cells. Indeed, immunohistochemistry revealed 
a significant reduction in the numbers of CD45-positive total im-
mune cells in KrasG12D:Aim2−/− lung lesions and unaffected paren-
chyma compared with their KrasG12D counterparts (Figure  3G,H; 
Figure S3F,G). Furthermore, the lower numbers of total immune cell 
infiltrates in KrasG12D:Aim2−/− lung lesions largely corresponded to 

F4/80-positive macrophages, as well as CD3-positive T and B220-
positive B cells (Figure 4A–F).

Considering AIM2 was predominantly expressed in both al-
veolar type-II epithelial and CD45-positive immune cells in 
KRAS-mutant LAC (Figure  1C), we investigated whether AIM2 ex-
pression in myeloid cells contributed to KrasG12D-driven LAC by 
generating reciprocal bone marrow chimeras between KrasG12D 
and KrasG12D:Aim2−/− mice. The absence of AIM2 in either bone 
marrow-derived hematopoietic (e.g., myeloid) cells (KrasG12D re-
cipients reconstituted with KrasG12D:Aim2−/− donor bone mar-
row; G12DG12D:Aim2−/−) or non-hematopoietic (e.g., epithelial) cells 
(KrasG12D:Aim2−/− recipients reconstituted with KrasG12D donor bone 
marrow; G12D:Aim2−/−G12D) led to similar marked protection against 
the LAC phenotype of the recipient mice, comparable with that upon 
AIM2 deficiency in both hematopoietic and non-hematopoietic com-
partments (G12D:Aim2−/−G12D:Aim2−/−) (Figure 4G–I). Therefore, these 
findings further suggest that AIM2 expression in lung epithelial and 
immune cells promotes mutant KRAS-driven LAC.

3.4  |  AIM2 contributes to KrasG12D-induced LAC, 
independent of inflammasome activation, via STAT3, 
p38 and ERK MAPK signaling cascades

AIM2 can modulate tumorigenesis both dependent and inde-
pendent of inflammasome activation,20–25,39 yet the mecha-
nism of action of AIM2 in a bona fide in vivo lung cancer model 
is ill-defined. Immunoblotting for the cleaved p20 subunit of 
Caspase-1 revealed that despite marginally elevated levels of pro-
Caspase-1 (p45) in the lungs of KrasG12D versus control KrasWT 
mice, cleaved Caspase-1 protein levels were not significantly al-
tered irrespective of the activation or expression status of KRAS 
or AIM2, respectively (Figure 5A,B). Furthermore, in KrasG12D and 
KrasG12D:Aim2−/− mouse lungs, immunoblotting for Gasdermin 
D, an important mediator of Caspase-1 (i.e., inflammasome)-
mediated cellular death, indicated that expression levels of full-
length Gasdermin D were also comparable, and cleaved (mature 
N-terminal p31 fragment) Gasdermin D was barely detectable 
(Figure  S4A). Similarly, immunoblotting and ELISA indicated un-
changed levels of pro (p31) and/or mature (p17) IL-1β in the lungs 
and serum, respectively, of KrasG12D versus control KrasWT mice 
(Figure  5A–C). Immunohistochemistry also indicated compara-
ble cellular staining levels for cleaved Caspase-1 in lung lesions 
of KrasG12D and KrasG12D:Aim2−/− mice (Figure  5D,E). The lungs, 

F I G U R E  2  AIM2 deficiency suppresses oncogenic Kras-induced LAC. (A, B) qPCR of (A) inflammasome-associated pattern recognition 
receptors and effectors, and (B) cytosolic DNA sensors, in mouse lungs (n = 6/genotype). *p < 0.05, Student's t-test. (C) Representative 
low-power images of H&E-stained lung sections from KrasG12D and KrasG12D:Aim2−/− mice at 6 weeks post Ad-Cre inhalation. Insets depict 
magnified areas comprising lesions in the low-power images (open squares). Scale bars: 3 mm. (D–F) Quantification of (D) lung parenchyma 
area containing tumor lesions, (E) lesion histological classification, and (F) tumor incidence, per whole mouse lung (n = 6/genotype). 
***p < 0.001, Student's t-test. AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in situ. (G) Quantification of TTF-1-positive 
cells/high-power field (HPF) in lung lesions (n = 6/genotype). **p < 0.01, Student's t-test. (H) Representative images of TTF-1-stained lung 
sections from KrasG12D and KrasG12D:Aim2−/− mice at 6 weeks post Ad-Cre. Scale bars: 100 μm.
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but not serum, of KrasG12D:Aim2−/− mice displayed elevated levels 
of pro and mature forms of IL-1β, which remains unexplained and 
could not be accounted for by any corresponding increase in Il1b 

mRNA levels in KrasG12D:Aim2−/− mouse lungs (Figure S4B). These 
observations suggest that AIM2 promotes oncogenic KRAS-
induced LAC independent of inflammasome activity.

F I G U R E  4  AIM2 promotion of KRAS-driven LAC augments immune cell infiltrates, and requires hematopoietic and non-hematopoietic 
cellular compartments. (A, C, E) Representative images of lung sections containing lesions from KrasG12D and KrasG12D:Aim2−/− mice at 
6 weeks post Ad-Cre inhalation immunostained with antibodies against (A) CD3, (C) B220 and (E) F4/80. Scale bars: 100 μm. (B, D, F) 
Quantification of positive cells/high-power field (HPF) in lesion-bearing mouse lungs immunostained with antibodies against (B) CD3, (D) 
B220 and (F) F4/80 (n = 6/genotype). *p < 0.05, Student's t-test. (G) Representative images of H&E-stained lung sections from KrasG12D 
(G12D) or KrasG12D:Aim2−/− (G12D:Aim2−/−) recipient mice reconstituted with KrasG12D or KrasG12D:Aim2−/− donor bone marrow (indicated 
in superscript font). Insets depict magnified areas comprising lesions in the low-power images (open squares). Scale bars: 3 mm. (H, I) 
Quantification of (H) lung parenchyma area containing tumor lesions, and (I) tumor incidence, per whole mouse lung in chimeras (n = 5/
group). **p < 0.01, ***p < 0.001; One-way ANOVA.

F I G U R E  3  Reduced tumor cell 
proliferation and inflammation in 
KrasG12D:Aim2−/− mouse lungs. (A, 
C, E, G) Representative images of 
lung sections containing lesions from 
KrasG12D and KrasG12D:Aim2−/− mice at 
6 weeks post Ad-Cre immunostained 
with antibodies against (A) PCNA, (C) 
Ki67, (E) cleaved Caspase-3, and (G) 
CD45. Scale bars: 100 μm. (B, D, F, H) 
Quantification of positive cells/high-
power field (HPF) in lesion-bearing mouse 
lungs immunostained with antibodies 
against (B) PCNA, (D) Ki67, (F) cleaved 
Caspase-3, and (H) CD45 (n = 6/genotype). 
***p < 0.001, ****p < 0.0001, Student's 
t-test.
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The requirement for AIM2 in KrasG12D-dependent LAC is asso-
ciated with activation of signaling cascades implicated in cellular 
proliferation and lung tumorigenesis. Specifically, immunohisto-
chemistry revealed that cellular staining levels of phosphorylated 
(activated) p38 and ERK1/2 MAPKs, and the latent oncogenic 
transcription factor STAT3, were significantly upregulated in 
lesion-bearing KrasG12D mouse lungs versus their KrasG12D:Aim2−/− 
counterparts (Figure 5F–K). By contrast, numbers of cells positively 
stained for phosphorylated p65 NF-κB or Akt were not reduced in 
lung lesions of KrasG12D:Aim2−/− mice, although phosphorylated Akt 
immunostaining levels were slightly elevated in KrasG12D:Aim2−/− 
mouse lungs (Figure S4C–F).

3.5  |  Genetic ablation of AIM2 abrogates 
NNK-induced lung carcinogenesis

To further verify an in  vivo inflammasome-independent role for 
AIM2 in LAC, we used the NNK tobacco carcinogen-induced LAC 
mouse model, a molecular hallmark of which is activating mutations 
in codon 12 of Kras.7 Indeed, we observed comparable levels of pro 
and mature Caspase-1 and IL-1β in lung tissues, and serum levels 
of secreted IL-1β, in pseudo-A/J WT mice administered with PBS 
or NNK over 20 weeks (Figure 6A; Figure S5A), at which time NNK 
reproducibly induces LAC.7,29,30 qPCR expression profiling again 
revealed that among inflammasome-associated PRRs (plus ASC 
and Caspase-1) and cytosolic DNA sensors, only Aim2 mRNA levels 
were significantly upregulated by NNK in mouse lungs (Figure 6B; 
Figure S5B). Moreover, tumor incidence in NNK-treated pseudo-A/J 
Aim2−/− mice was significantly reduced to ~50% (11.42 ± 2.21 le-
sions) of their WT counterparts (22.08 ± 2.18 lesions) (Figure 6C,D), 
and immunohistochemistry indicated significantly reduced numbers 
of TFF-1-positive alveolar type-II cells in pseudo-A/J Aim2−/− mouse 
lung lesions (Figure 6E,F).

We next investigated whether elevated AIM2 expression also 
augmented proliferation within the lung epithelium in response to 
NNK. Indeed, the suppressed NNK-induced tumor phenotype of 
Aim2−/− mouse lungs was accompanied by reduced PCNA-positive 
cellular staining compared with WT controls. Also, the lower prolif-
erative potential within the lungs of NNK-administered Aim2−/− mice 
was associated with reduced phosphorylation of ERK1/2 and p38 
MAPK, and STAT3 compared with WT counterparts (Figure  6I–L; 
Figure S5C,D). Collectively, these data revealed that AIM2 indepen-
dent of inflammasomes cooperates with NNK to promote LAC.

3.6  |  ASC inflammasome adapter does not 
contribute to mutant KRAS LAC

We next assessed the LAC phenotype in KrasG12D:Pycard−/− mice in 
which the inflammasome adapter ASC had been ablated. At 6 and 
12 weeks post Ad-Cre inhalation, the area of lung parenchyma com-
prising lesions, and the number of lung lesions, in KrasG12D:Pycard−/− 
mice were comparable with KrasG12D littermates (Figure  7A–C; 
Figure S6A–E). Similarly, in lung lesions from KrasG12D:Pycard−/− and 
KrasG12D mice at 6 weeks and/or 12 weeks post Ad-Cre inhalation, 
immunohistochemistry revealed comparable numbers of TTF-
1-positive and PCNA-positive cells (Figure  7D–G; Figure  S6F,G). 
By contrast, numbers of CD45-positive pan-immune cell infil-
trates were significantly reduced (by 35%) in lung lesions from 
KrasG12D:Pycard−/− versus KrasG12D mice (Figure 7H,I). In lung lysates 
from Ad-Cre inhaled KrasG12D:Pycard−/− and KrasG12D mice, immu-
noblotting indicated similar levels of pro and mature Caspase-1 and 
IL-1β, and serum IL-1β levels were unchanged in both Ad-Cre-inhaled 
genotypes (Figure 7J–L). Collectively, these findings suggested that 
ASC-containing inflammasomes do not contribute to Caspase-1 
activity during LAC, nor play a major role in promoting KrasG12D-
induced LAC.

4  |  DISCUSSION

Chronic pulmonary inflammation triggered by dysregulated activa-
tion of innate (and adaptive) immune responses plays a key role 
in promoting lung cancers, including oncogenic KRAS-addicted 
NSCLC.11–13,40 However, the identity of innate immune molecular 
regulators that coordinate these tumor-promoting cellular pro-
cesses in the lung remains ill-defined. Here, we revealed that the 
innate immune PRR and cytosolic DNA sensor AIM2, expressed in 
hematopoietic (immune) and non-hematopoietic (epithelial) cells, 
promoted mutant KRAS-driven lung tumorigenesis, independent of 
inflammasomes, by augmenting cellular proliferation and infiltra-
tion of immune/inflammatory cells. An independent role for inflam-
masomes in KRAS-mutant LAC was also supported by the genetic 
ablation of the ASC inflammasome adapter having no effect on 
suppressing LAC in KrasG12D mice. ASC deficiency in KrasG12D mice 
did alleviate immune cell infiltration, albeit without any reduction 
in inflammasome activation (mature Caspase-1 and IL-1β levels). 
This suggests that ASC can induce inflammatory responses in the 
lung independently of inflammasomes, which may align with the 

F I G U R E  5  AIM2-driven LAC in KrasG12D mice is independent of inflammasome activation, yet aligns with STAT3, ERK1/2 and p38 MAPK 
signaling. (A) Immunoblots of individual lung lysates from KrasWT, KrasG12D, KrasG12D:Aim2−/− and Aim2−/− mice at 6 weeks post Ad-Cre 
(KrasG12D, KrasG12D:Aim2−/−) or PBS vehicle (KrasWT, Aim2−/−) inhalation with indicated antibodies. (B) Densitometry of blots from (A), with 
expression levels relative to Tubulin loading. *p < 0.05, one-way ANOVA. (C) ELISA for total IL-1β protein levels in the serum of mice at 
6 weeks post inhalations (n = 5/genotype). (D, F, H, J) Representative images of (D) cleaved Caspase-1, (F) phosphorylated (p) p38 MAPK, 
(H) pERK1/2, and (J) pSTAT3 immunostaining of lung sections containing lesions from KrasG12D and KrasG12D:Aim2−/− mice at 6 weeks post 
Ad-Cre. Scale bars: 100 μm. (E, G, I, K) Quantification of (E) cleaved Caspase-1, (G) pp38 MAPK, (I) pERK1/2, and (K) pSTAT3 positive cells/
high-power field (HPF) in mouse lung lesions (n = 4/genotype). *p < 0.05, **p < 0.01, ***p < 0.001, Student's t-test.
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notion that ASC and its formation of oligomeric specks are not al-
ways required for Caspase-1 (inflammasome) activation.41

Indirect evidence that inflammasomes and associated PRRs 
may contribute to NSCLC was first suggested by the serendipi-
tous finding that CANTOS trial participants receiving anti-IL-1β 
therapy compared with placebo had a significantly lower occur-
rence of lung cancer.16 In support of the notion that therapeutic 
targeting of the IL-1β inflammasome effector cytokine may be ef-
ficacious in NSCLC, treatment of KrasG12D mice with an anti-IL-1β 
monoclonal antibody suppressed lung tumor burden.42 Although 
upregulation of IL-1β is a feature of NSCLC patients,43 the mech-
anistic basis for its overexpression during lung carcinogenesis is 
unknown. Furthermore, a link between inflammasome activation 
and expression levels of mature IL-1β protein in NSCLC has not 
been reported. Based on our current findings, we propose that 
inflammasome activation does not contribute to high IL-1β levels 
in NSCLC patients. Alternatively, other mechanisms may include 
transcriptional upregulation of IL1B associated with the inflam-
matory response in the lung (e.g., driven by NF-κB activation), 
which is supported by correlations between IL-1β production and 
neutrophil infiltrates in KRAS-mutant LAC.42,44,45 Furthermore, in 
NSCLC, the processing of mature IL-1β can be mediated by serine 
proteases (e.g., cathepsin G) in the lung.45

The role of AIM2 in cancer is complex, with reports using 
Aim2−/− mice coupled to in vivo cancer models indicating that AIM2 
possesses opposing pro-tumor and anti-tumor properties either 
dependent or independent of inflammasomes.21 In experimentally 
induced hepatocellular carcinoma, AIM2 inflammasome activation 
in liver-resident Kupffer cells promotes inflammation-associated 
tumorigenesis, whereas in a gastric cancer mouse model (gp130F/F) 
AIM2 promotes tumorigenesis independent of inflammasomes by 
directing cancer cell-intrinsic migration.19,20 Conversely, AIM2 can 
protect against intestinal tumorigenesis in a cancer cell-autonomous 
manner by impairing survival and proliferation of intestinal epithe-
lial and stem cells, independent of inflammasomes.22,23 Although 
the mechanisms underlying the pleiotropy of AIM2 in cancer remain 
ill-defined, they are most likely to be influenced by differential de-
pendency on numerous factors including the type of inflammasome, 
cell and tissue, microbial versus host origins of the activating ligand 
(DNA), and stage of disease.21–23 In the lung, here we provide evi-
dence from immunofluorescence co-localization and bone marrow 
chimeras that AIM2 expression in both alveolar type-II epithelial and 
infiltrating immune cells promotes a hyper-proliferative and chronic 
inflammatory environment to support tumorigenesis. Interestingly, 

a recent study demonstrated that AIM2 expression also in alveolar 
type-II cells promoted pulmonary emphysema,46 which is a promi-
nent risk factor for NSCLC. However, unlike in NSCLC, AIM2 disease 
activity in emphysema is associated with inflammasomes, and inde-
pendent of its immune cell expression and effect on infiltrating im-
mune cells.46 It is likely that quantitative and qualitative differences 
in activating DNA agonists, for instance damaged double-stranded 
DNA that is a hallmark of tobacco smoke exposure,47 as well as the 
inflammatory environment which can be influenced by oncogenic 
KRAS in NSCLC,13 influence AIM2-mediated disease outcome in the 
lung. In addition, we propose that upstream mechanisms governing 
the expression of AIM2 will also influence its disease activity, with 
our findings here suggesting that p38 MAPK, potentially down-
stream of activated (mutant) KRAS, contributes to the upregulated 
expression of AIM2 in lung cancer. In this regard, we observed that 
AIM2 protein, but not mRNA, expression levels were upregulated in 
human KRAS-mutant versus KRAS-WT NSCLC, which highlights the 
likely complex mechanism(s) for transcriptional versus translational 
regulation of AIM2 in human lung cancer, the latter being dependent 
(at least in part) on KRAS.

Limited numbers of previous studies investigating the role 
of AIM2 in lung cancer using human immortalized cell lines have 
yielded contradictory results. In two overlapping studies using 
KRAS-mutant NSCLC cell lines A549 and H460, genetic modu-
lation of AIM2 by artificial overexpression or siRNA-mediated 
knockdown increased or reduced, cell proliferation and migration, 
respectively.24,48 The authors reported that these AIM2-mediated 
cellular changes coincided with corresponding alterations in lev-
els of mature Caspase-1 and IL-1β, which is consistent with AIM2 
inflammasome activation. By contrast, another similar study to 
genetically modify AIM2 expression in human NSCLC cell lines 
H358 (KRAS-mutant) and H1975 (KRAS-WT) reported that AIM2 
also promoted cell proliferation and migration, yet independent 
of inflammasomes.25 Although an explanation for the contrast-
ing inflammasome-dependent versus inflammasome-independent 
roles of AIM2 was not provided, a cautious interpretation is war-
ranted using immortalized human cell lines in artificial cell culture 
systems and subcutaneous xenografts in immunocompromised 
mice. This is especially pertinent when investigating the complex 
role of immune system regulators such as AIM2 in disease models, 
whereby the pathological activity of endogenous AIM2 in its native 
(lung) environment is strongly influenced by its temporal and spa-
tial expression in multiple cell types (epithelial, immune), as well as 
exposure to endogenous DNA ligands. Importantly, the bona fide 

F I G U R E  6  AIM2 promotes NNK tobacco carcinogen-induced LAC independent of inflammasome activation. (A) Immunoblots with 
antibodies of individual lung lysates from pseudo-A/J wild-type (WT) mice at 20 weeks post NNK or PBS administration. ns, non-specific. 
(B) qPCR of inflammasome-associated genes in lungs from pseudo-A/J WT mice at 20 weeks post NNK or PBS (n = 6/genotype). *p < 0.05, 
Student's t-test. (C) Representative low-power images of H&E-stained lung sections from WT and Aim2−/− pseudo-A/J mice at 20 weeks post 
NNK or PBS. Insets depict magnified areas comprising lesions in the low-power images (open squares). Scale bars: 3 mm. (D) Quantification 
of surface tumor lesions/whole mouse lung in WT and Aim2−/− pseudo-A/J mice at 20 weeks post NNK (n = 6/genotype). **p < 0.01, Student's 
t-test. (E, G, I, K) Representative images of (E) TTF-1, (G) PCNA, (I) pERK1/2 MAPK, and (K) pSTAT3 immunostaining of lung lesions from 
WT and Aim2−/− pseudo-A/J mice at 20 weeks post NNK. Scale bars: 100 μm. (F, H, J, L) Quantification of (F) TTF-1, (H) PCNA, (J) pERK1/2 
MAPK, and (L) pSTAT3 positive cells/high-power field (HPF) in mouse lung lesions (n = 6/genotype). *p < 0.05, ***p < 0.001, Student's t-test.
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preclinical KrasG12D and NNK tobacco carcinogen-induced NSCLC 
mouse models in our current study recapitulate key molecular 
and cellular features, including an inflammatory tumor microenvi-
ronment, of human lung cancer, thus enabling elucidation of the 
AIM2-driven tumor-promoting molecular and cellular processes in 
the native lung. In this respect, our preclinical in vivo models, re-
vealing that AIM2-driven cellular proliferation of the transformed 
lung epithelium is associated with activation of the ERK MAPK 
pathway, validate the cell line-based report of an inflammasome-
independent role for AIM2 in NSCLC, in which AIM2 knockdown 
in human NSCLC cell lines suppressed cellular proliferation and 
strongly inhibited ERK MAPK activation.25 Interestingly, AIM2 aug-
mentation of ERK MAPK signaling in NSCLC cell lines was linked to 
dysregulated dynamics of mitochondrial fission and fusion, which 
in turn upregulated reactive oxygen species production and sub-
sequent ERK MAPK activity, an observation that warrants further 
interrogation in an in vivo setting.

In summary, our study addresses a significant knowledge gap, 
and provides much needed clarity, on the in  vivo molecular and 
cellular mechanisms by which AIM2 contributes to the patho-
genesis of lung cancer. While our study focused on KRAS-mutant 
NSCLC, we note that AIM2 gene expression was also upregulated 
in other molecular subtypes of NSCLC (e.g., EGFR-mutant, BRAF-
mutant), suggesting a potentially broader role for AIM2 in poten-
tiating human lung carcinogenesis. Emerging clinical data suggest 
that KRAS-mutant NSCLC patients can benefit from immune-based 
therapy using adaptive immune checkpoint inhibitors (anti-PD-1/
PD-L1), either as monotherapy or in concert with standard-of-care 
chemotherapy.49 While this sets a precedent for targeting adaptive 
immunity as a promising treatment modality in KRAS-mutant lung 
cancers, the utility of therapeutically targeting components of in-
nate immunity in these cancers is unknown. Therefore, our study 
raises the enticing prospect that regulators of innate immunity, such 
as AIM2, that promote the pathogenesis of lung cancers present as 
new immune-based therapeutic targets for the future clinical man-
agement of KRAS-mutant NSCLC.
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