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Abstract
The innate immune system, the first line of defense against pathogens, is activated by 
nucleic acids from microbial invaders that are recognized by nucleic acid-sensing re-
ceptors. Recent evidence affirms the ability of these receptors to respond to nucleic 
acids released by damaged cancer cells. The innate immune system is also involved in 
cancer immunosurveillance, and could be modulated for devising effective antitumor 
therapies by targeting nucleic acid-sensing pathways. A systematic, comprehensive 
analysis of dysregulation in nucleic acid-sensing pathways in cancer is required to 
fully understand its role. Based on multidimensional data of The Cancer Genome 
Atlas pan-cancer cohort, we revealed that upregulation of cytosolic DNA-sensing 
genes like AIM2 and CGAS was common in tumor tissues. We used 15 genes in the 
nucleic acid-sensing pathway to cluster all tumor patients into 2 subgroups and found 
that the subgroup with higher expression of nucleic acid-sensing pathway genes was 
associated with poorer prognosis across cancer types. However, in homologous re-
combination deficient patients, the nucleic acid recognition activated subgroup was 
associated with better prognosis, which confirms the therapeutic effect of nucleic 
acid recognition. This study contributes to a better understanding of the functions 
and mechanisms of nucleic acid recognition in cancer, lays the foundation for new 
therapeutic strategies, and enlarges the scope of development of new drugs.
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1  | INTRODUC TION

Nucleic acid-sensing pathways, an integral part of innate immune 
system, detect NAs by a specialized group of germline-encoded 
PRRs. These sensors include but are not limited to endosomal TLRs 
and cytosolic sensors, upstream of STING and MAVS.1

Nucleic acid recognition plays a key role in defense against viral 
infection, as NAs are the critical viral microbe-associated molecular 
patterns. However, the basic structure of DNA and RNA is basically 
universal among all organisms. Hence NA-sensing PRRs appear to 
display limited ability to discriminate foreign NAs from self-NAs.2 
Nucleic acid-sensing PRRs might be activated by accumulation of 
endogenous DNA or RNA under certain conditions. Deficiency in 
genes involved in NA metabolism, especially nucleases, leads to in-
appropriate activation of NA sensors and autoimmune phenotypes, 
such as Aicardi-Goutières syndrome.3,4 Aicardi-Goutières syndrome 
is a lupus-like disease characterized by chronic activation of type I 
IFN-mediated immune response.5

Recently, researchers have been investigating the role of NA 
recognition in development and sustenance of cancer. It has been 
reported that cancer cells release NAs by oxidative stress, altered 
metabolic rate, genomic instability, and various mutations. These 
could also be detected by NA sensors and drive the release of type-I 
IFNs, pro-inflammatory cytokines, and chemokines.6-8 Immune sig-
naling induced by NA recognition has potent antitumor effects and 
therefore is a novel cancer therapeutic target.9-11 In some cancer 
types, NA recognition also changes the tumor microenvironment 
and promotes tumor growth and metastasis, which could compli-
cate the utility of immunomodulatory therapeutics targeting this 
pathway.12,13

Given the complexity and importance of NA recognition in can-
cer, several researchers have tried analyzing the mutation, expres-
sion pattern, and prognostic impact of NA recognition.14-18 However, 
systematic pan-cancer analysis of NA-sensing pathways has not yet 
been reported. We integrated TCGA pan-cancer multiomics data 
to comprehensively describe the role of NA recognition in cancer. 
We discovered common patterns of dysregulated expression of NA-
sensing pathway genes. We found that activation of NA recognition 
is an unfavorable prognosis marker in most cases. While under HR-
deficient conditions, NA recognition activation is associated with 
better prognosis. The objective of this comprehensive study is to 
understand the multiple roles of NA recognition in cancer and pro-
vide more information in this era of precision medicine.

2  | MATERIAL S AND METHODS

2.1 | Data collection

The Cancer Genome Atlas pan-cancer somatic mutation data, meth-
ylation (450k) data, protein (RPPA) data, DDR footprint scores, and 
clinical data were obtained from Genomic Data Commons. The 
Cancer Genome Atlas pan-cancer cohort and the GTEx project RNA 

sequencing data were downloaded from Toil recomputed data19 
(RSEM, batch-normalized, log2-transformed, and upper quantile 
normalized). The cancer types are denoted by TCGA abbreviation.

2.2 | Differential expression analyses

For the comparison between tumor tissue and adjacent normal tis-
sue, we undertook a differential expression analysis between tu-
mors and their matched normal samples using the Wilcoxon signed 
rank test. For the comparison between normal tissue adjacent to the 
tumor and healthy tissue, we undertook a differential expression 
analysis between tumor and GTEx samples using the Wilcoxon rank 
sum test. Fold change was calculated using median expression of a 
gene.

2.3 | Differential methylation analyses

The TSS is the location where transcription starts at the 5′-end of 
a gene, and β-values of probes located within TSS1500 (1500 bp 
from the TSS) of each gene were averaged for further analyses. 
Wilcoxon’s rank sum test was used to detect differential methyla-
tion between subgroups.

2.4 | Consensus cluster and principal 
component analyses

Gene expression data used for clustering was normalized 
using z-scores within each cancer type. Unsupervised K-mean-
based consensus clustering was undertaken using R package 
ConsensusClusterPlus.20

2.5 | Biological enrichment analyses and RPPA 
pathway scores

To determine which biological pathways and signaling processes 
were significantly enriched in the NA-sensing activated C2 sub-
group, GSEA was undertaken using Broad GSEA version 4.0 with 
the MSigDB hallmark gene sets.21 Reverse-phase protein array 
based pathway scores were calculated as the sum of the median-
centered and normalized relative protein level of all positive regula-
tory components minus that of negative regulatory components in a 
particular pathway.22

2.6 | Survival analyses

R packages “survival” and “survminer” were used for Kaplan-Meier 
analyses and log-rank tests. Survival distributions for different sub-
groups were visualized using Kaplan-Meier plots, and differences 
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F I G U R E  1   Dysregulated expression of genes in nucleic acid (NA)-sensing pathways across multiple cancer types. A, Overview of genes 
associated with NA sensing. It includes the cytosolic DNA-sensing pathway, cytosolic RNA-sensing pathway, and Toll-like receptor (TLR) 
pathway responding to NA. Sensors and adaptors of these pathways were used for subsequent analyses. B, Summary of mutation rates 
of specific genes in NA-sensing pathways across all cancer types. C, Left panel, heatmap of differential expression profiles of NA-sensing 
pathway genes between tumor tissue and adjacent normal tissue. Fold change and p-value calculated between tumor tissue and adjacent 
normal tissue. The heatmap cell color indicates the log2-transformed fold change (Log2(FC)) and gray cells represent the insignificant group 
(Wilcoxon signed rank test, P-value < .05). Right panel, summary of genes significantly upregulated and downregulated (P < .05) across 
different cancer types. Red, upregulated expression; blue, downregulated expression. D, Left panel, heatmap of differential expression 
profiles of NA-sensing pathway genes between normal tissue adjacent to tumor and Genotype-Tissue Expression project normal tissue. 
Right panel, summary of genes significantly upregulated and downregulated (P < .05) across different cancer types. BLCA, bladder urothelial 
carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; KICH, kidney chromophobe; 
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal 
papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, 
pancreatic adenocarcinoma; STAD, stomach adenocarcinoma; THCA, thyroid carcinoma
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between the survival distributions were calculated using the log-
rank test.

3  | RESULTS

3.1 | Dysregulated expression in NA-sensing 
pathway genes across multiple cancer types

Molecules in NA-sensing pathways are classified into: sensors, adap-
tors, downstream kinases, and effectors.23,24 As downstream kinases 
and effectors also participate in multiple other biological pathways, 
we identified 15 genes that can function as sensors or adaptors in 
the NA-sensing pathways (Figure 1A) from published reports,25-30 
and undertook the subsequent analyses.

The overall mutation frequencies of these identified genes 
were studied in different cancers and the level was found to 
be low, at less than 3% (Figure 1B). Across all cancer samples, 
TLR7 was the most highly mutated, and its mutation frequency 
was a little more than 2%. The mutation frequency of these 15 
genes was also calculated for individual cancer type. These alter-
ations were frequent in some cancer types, like uterine corpus 
endometrial carcinoma, when compared to the others. Overall, 
these gene mutations were uncommonly detected across various 
cancers.

To unravel the expression pattern of NA-sensing pathway 
genes, we undertook an analysis of mRNA expression in 14 can-
cer types with sufficient numbers of matched tumor and adja-
cent normal samples (n > 10). The aberrant expression pattern 
of individual genes varied between cancer types (Figure 1C). 
The cytosolic DNA-sensing pathway was found to be the most 
commonly upregulated, with DNA sensor AIM2 expression 
being the most consistently upregulated. The downregulation 
of these genes was relatively uncommon, with TLR3 being the 
most commonly downregulated gene. Across all cancers, kid-
ney renal clear cell carcinoma showed universal upregulation 
of these genes.

Normal tissue adjacent to tumor was used as control for tumor 
tissue in the above analysis. However, tumor-adjacent normal tissue 
transcriptomic profiles could be affected by the tumor microenvi-
ronment. Hence, we integrated normal tissue transcription data 
from GTEx and tumor-adjacent normal tissue data from TCGA to val-
idate the dysregulation of NA-sensing pathway genes in the tumor 
microenvironment as well (Figure 1D). The top 4 upregulated genes 
all belong to the RNA-sensing pathway: TLR3, TLR7, and TLR8 are 
transmembrane proteins that recognize RNA in the endosome, and 
MDA5 is an RNA helicase with caspase recruitment domains that re-
sponds to cytosolic RNA. Combining the above results, we observed 
that TLR3 is specifically upregulated in tumor-adjacent normal tissue 
when compared to its expression levels in tumor tissue and normal 
tissue. Altogether, NA-sensing pathway genes show universal aber-
rant expression patterns in tumor tissue and normal tissue adjacent 
to tumor.

3.2 | Nucleic acid-sensing pathway gene 
expression subgroups

To gain a more comprehensive view of expression heterogeneity in NA-
sensing pathway genes, we clustered tumor samples into subgroups 
based on expression using the consensus k-means clustering method.20 
The mRNA expression data was first normalized using z-score normali-
zation within each cancer type. Based on expression data of 15 genes, 
samples were robustly separated into 2 subgroups. Similarly, most can-
cer types were separated into 2 subgroups (Figure 2A,B).

A heatmap of 2 subgroups by gene expression showed that the ex-
pressions of NA-sensing pathway genes seemed to be upregulated in 
subgroup C2. We further compared the expression of 15 genes and pro-
moter region methylation between subgroups C1 and C2 (Figure 2C). 
Promoter region methylation was calculated as the average β-values 
of probes located within the corresponding gene TSS1500 region. As 
expected, expression of most genes was significantly upregulated in 
C2, except MAVS, which showed mild but significant downregula-
tion. With higher expression levels of NA-sensing pathway genes, C2 
seems to have more activated NA-sensing activity. Corresponding pro-
moter methylation of most genes was downregulated in subgroup C2. 
Altered methylation state could be the underlying cause of differential 
gene expression and distinguished subgroups C1 and C2. Moreover, 
we calculated the correlation between gene expression and β-values of 
probes located within TSS1500. Strong negative correlations (Pearson 
correlation, r < −0.5) were noticed between expression and methyla-
tion of AIM2, ASC, CGAS, and STING (Figure S1).

3.3 | Nucleic acid-sensing activated subgroup C2 
was associated with poor prognosis

The subgroup C2 is characterized by upregulated NA-sensing gene ex-
pression, indicating higher NA-sensing activity and subsequent inflam-
matory signaling. Nucleic acid-sensing-mediated inflammatory signaling 
is considered to be a promising therapeutic target to improve therapy 
responses. We then compared OS between C1 and C2 by log-rank 
test within each cancer type. These 2 subgroups showed significant 
differences in OS in 7 cancer types (Figure 3). Except in sarcoma and 
ovarian cancer, C2 was associated with poor prognosis. This in a sense 
was contrary to the known protective effect of NA-sensing pathways. 
Additional evidence was needed to determine whether upregulated 
gene expression of sensors and effectors in NA-sensing pathways were 
synonymous with increased induction of inflammatory signaling, and 
whether sustained NA-sensing activation could lead to immune evasion.

3.4 | Biological pathways enriched in subgroup C2

We undertook GSEA21 to further assess the enriched gene sets in 
subgroup C2 (Figure 4A). All cancer types showed very similar pat-
terns of enriched pathways. Biological pathways associated with 
immunity were the most significantly enriched. Multiple cytokines 
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signaling are increased in C2, including IL2, IL6, IFNα, IFNβ, and 
TNFα. The apoptosis pathway is also upregulated. These observa-
tions reaffirm the enhanced NA-sensing, accompanied by release of 
cytokines and triggered apoptosis. In addition to immunity-related 
pathways, pathways associated with proliferation, DNA damage, hy-
poxia, EMT, and angiogenesis are among some of the most enriched 

processes. We further validated this result using the RPPA-based 
pathway scores.22 We examined the major signaling pathway scores 
defined by RPPA data in cancer types with enough samples (n > 10; 
Figure 4B). Apoptosis and EMT pathway scores are consistently up-
regulated in C2, and DDR score is upregulated in C1. On the whole, 
pathways enriched in C2 could both promote tumor progression and 

F I G U R E  2   Messenger RNA expression-based clusters. A, Consensus matrix of expression clustering showing 2 robust subgroups. B, 
Heatmaps of gene expression of 2 subgroups. Subgroups and cancer types are indicated by the annotation bars above the heatmap. C, 
Top panel, expression of nucleic acid (NA)-sensing pathway genes in subgroups C1 (red) and C2 (blue). Bottom panel, promoter region 
methylation of NA-sensing pathway genes in these 2 subgroups. Mann-Whitney U test P values are displayed. The dot in the middle 
represents the median in each subgroup. ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive 
carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon 
adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; 
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal 
papillary cell carcinoma; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung 
squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, 
pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin 
cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; THYM, thymoma; 
UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma
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attenuate it. This might explain different prognosis predictions of 
C2 in different cancer types. C2 was more associated with poorer 
prognosis, indicating that deficient DNA damage repair and increased 
EMT might play a more predominant role in tumors.

3.5 | C2 as a favorable prognostic marker for HR-
deficient tumors

We found that activated NA-sensing in C2 was accompanied with 
attenuated DNA damage response. As aberrant DNA damage 

responses are sources of genomic instability, we compared scores 
characterizing the extent of mutation burden, copy number bur-
den, aneuploidy, LOH, and HRD between subtypes (Figure 5A).31 
Nonsilent and silent mutation load measured nonsilent and silent 
mutations per Mb. Aneuploidy scores quantified the sum total of 
amplified or deleted arms. Altered CNA fractions were the fraction 
of bases deviating from baseline ploidy. Altered LOH fractions rep-
resented the fraction of bases with LOH events. The HRD score was 
the sum of 3 component scores of genomic scarring: large allelic im-
balances extending into a telomere,32 large-scale state transitions,33 
and large non-arm-level regions with LOH.34 All of these scores 

F I G U R E  3   Subgroups correlate with patient overall survival. A-I, Kaplan-Meier plots of patients classified by different subgroups. Log-
rank tests are used to compare overall survival between subgroup C1 and C2; P values are displayed in the top right-hand corner of each 
plot. KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, brain lower grade glioma; OV, ovarian serous 
cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; SARC, sarcoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; 
UVM, uveal melanoma
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were significantly higher in C2 than C1. Mutation load increased 
mildly, while scores measuring large scale genome scar, like CNA, 
aneuploidy, LOH, and HRD were apparently higher in C2. These 
results suggest that correlation between genome instability and 

NA-sensing pathways depends on genome alteration scale. Large-
scale alterations might be more effective in activating the cytosolic 
DNA-sensing pathway, and could further modify the state of other 
pathways.

F I G U R E  4   Biological pathways associated with the poor prognostic subgroup C2. A, Heatmap of normalized Gene Set Enrichment 
Analysis enrichment scores (NES) for gene sets enriched in subgroup C2, with false discovery rate q-value < 0.1. Gray, not significant. 
DN, down; IL, interleukin; NFKB, nuclear factor-κB; TNFA, tumor necrosis factor-α; B, Boxplots of DNA damage response (top), apoptosis 
(middle), and epithelial-mesenchymal transition (EMT) (bottom) pathway activity scores calculated from reverse-phase protein array data 
between subgroup C1 (red) and C2 (blue). Mann-Whitney U test P values are displayed for each cancer type. Proteins involved in pathway 
score calculation are annotated on the right. +, protein positively correlated with corresponding pathway activity; −, protein negatively 
correlated with corresponding pathway activity. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical 
squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal 
carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; KIRP, 
kidney renal papillary cell carcinoma; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; 
MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; READ, rectum adenocarcinoma; SARC, 
sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumor; THCA, thyroid carcinoma; 
THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma
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Homologous recombination defect is a prevalent source of large-
scale genomic alteration, and common in some cancer types, such 
as breast cancer and ovarian cancer.35 We undertook survival anal-
ysis in cancer types with enough HR gene altered samples (n > 50). 
Homologous recombination gene alteration includes 3 main parts: 

deleterious mutation, deep copy number deletion, and epigenetic 
silencing. We obtained gene alteration data according to a previ-
ous study.31 Deleterious mutation includes truncating and missense 
mutations that have high probability of leading to loss of protein 
function. Deep copy-number deletions were defined by GISTIC, and 

F I G U R E  5   Subgroup C2 found to be a favorable prognostic marker for homologous recombination (HR) deficient tumors. A, Somatic 
copy-number alteration (CNA) scores and mutation load of 2 clusters. P values calculated using Mann-Whitney U test. HRD, HR deficiency. 
B, Survival analyses of HR-deficient patients in subgroup C1 and C2. The cancer types with adequate number of HR-deficient patients 
and P value < .1 were plotted to show association between subgroups and survival. P values computed using the log-rank test. BRCA, 
breast invasive carcinoma; HNSC, head and neck squamous cell carcinoma; LUSC, lung squamous cell carcinoma; OV, ovarian serous 
cystadenocarcinoma
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epigenetic silencing was identified through methylation vs expres-
sion analysis. Deletions and epigenetic silencing are the main causes 
affecting gene expression. A sample with 1 of these 3 conditions 
was considered as an HR gene altered sample. In contrast to pre-
vious results, the C2 subgroup was a favorable prognostic marker 
in HR-deficient patients with breast carcinoma, ovarian cancer, lung 
squamous cell carcinoma, and head and neck squamous cell carci-
noma (Figure 5B).

4  | DISCUSSION

Nucleic acid sensing is an essential component of innate immunity 
in defending against pathogenic invasion.1 Commonly known path-
ways of NA recognition are cytosolic DNA sensing converging on 
STING, cytosolic RNA sensing converging on MAVS, and NA-sensing 
endosomal TLRs.36 The specificity of NA sensing is limited;2 various 
families of NA recognition receptors could respond to both nonself 
and self NAs. Nucleic acid sensing induces type I IFN response in 
both cancer cells and neighboring cells, amplifies the effects of mul-
tiple anticancer therapies and provides potent antitumor effects.37

Aberrant expression patterns and prognostic implications of genes 
in NA recognition have been reported in cancer,14-18 but usually focused 
on some particular gene or pathway and lacked consistent conclu-
sions. Cross-talk between different pathways in NA recognition exists. 
Stimulator of IFN genes-induced IFN signaling promotes the transcrip-
tion of endogenous retroviruses coding sequences in human genome 
and reverse transcription of cytosolic dsDNA, further activated RNA 
sensing.13,38,39 Stimulator of IFN genes-dependent IFN production in-
creases RNA sensor levels and sensitizes cells to unusual accumulation 
of RNA.40,41 We integrated gene mutation, mRNA expression, promoter 
methylation, proteomic status, and clinical data from TCGA pan-cancer 
cohort to explore the dysregulation of NA recognition genes in cancer. 
The mutation frequencies of these genes appear to be quite low, but 
dysregulation of expression is common (Figure 1B). Nucleic acid rec-
ognition and the downstream type I IFN response might not only alter 
tumor behavior but also modify the tumor microenvironment.42-44 So, 
we compared expression between tumor tissues and adjacent normal 
tissues, and between tumor-adjacent normal tissues and matched GTEx 
normal tissues (Figure 1C,D).45 Interestingly, the top upregulated genes 
in tumor tissues belong to cytosolic DNA sensing pathway, whereas the 
top upregulated genes in normal tissues adjacent to tumor are mostly 
genes involved in RNA sensing pathways. There could be complex and 
unclear underlying regulatory mechanisms. As there are close inter-
actions between these pathways,38-41 all these genes were used to 
cluster patients into subgroups. Using k-means-based consensus clus-
tering, we gained 2 robust subgroups (Figure 2A), 1 with universal high 
NA recognition gene expression, indicating potent more activated NA 
sensing (Figure 2B,C).

Further study showed this C2 subgroup, with high NA recognition 
gene expression, was associated with poorer prognosis (Figure 3). 
Although NA recognition functions as a tumor suppressor by induc-
ing cell apoptosis,6,10,46 sustained NA recognition signaling was also 

reported to contribute to treatment resistance and metastasis.13,47 
What changes would accompany the upregulation of NA-recognition 
gene expression in cancer? To answer this question, we determined 
which biological functions and pathways were enriched in C2 by GSEA 
software (Figure 4A), and further verified the result using RPPA pro-
tein data (Figure 4B). We found pro-inflammatory cytokine signaling, 
like IL2, IL6, IFNα, IFNβ, and TNFα, were enriched in C2 (Figure 4A). 
Both antitumor processes, like apoptosis, and protumor processes, like 
EMT and deficient DDR, were enriched in C2 (Figure 4). The causal 
relationship between cytokine signaling and other processes like 
apoptosis and EMT is not definite. However, deficient DDR seemed 
to be one of the causes of NA recognition activation,48,49 and is as-
sociated with more aggressive behavior of malignant tumors. What if 
we remove this possible upstream factor? We first verified the rela-
tively deficient DNA damage response in C2, using genomic instabil-
ity scores.31 Scores representing large-scale genome scars and HRD 
score were significantly upregulated in C2 compared to C1 (Figure 5A). 
This indicated that large-scale genomic alterations, which are mainly 
caused by defects in HR, cause more intense activation of NA-sensing. 
And the HR defect itself has a great impact on tumor prognosis. So, we 
undertook survival analyses in HR-deficient patients (Figure 5B). The 
positive prognostic effect of C2 in HR-deficient patients (Figure 5B) 
proved that, although NA recognition was associated with both anti-
tumor and protumor processes, enhanced NA recognition and subse-
quent signaling was protective in HR-deficient patients. Large-scale 
gene alterations have a great impact on many aspects of cell life and 
activate the NA pathway more effectively than point mutations. Acute 
and chronic IFN responses can lead to different downstream effects. 
Early type I IFN response can promote the clearance of tumor cells,7 
whereas persistent inflammation with the production of pro-inflam-
matory cytokines can promote tumor growth and metastasis.50,51 So, 
from this result, NA-sensing activation caused by HR deficiency might 
tend to induce relatively acute IFN responses and have an antitumor 
effect, which is more conducive to prognosis.

These results contribute to a better understanding of the func-
tions and mechanisms of NA recognition and clarify the therapeutic 
effect of NA recognition in cancer, especially in HR-deficient pa-
tients. As NA recognition is becoming a research hotspot in targeted 
therapy and its total impact on cancer remains controversial, this 
study lays the foundation for new molecular targeted therapy and 
enlarges the scope of development of new drugs.
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