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Recent evidence shows that cyclic GMP-AMP synthase (cGAS)/
stimulator of interferon (IFN) genes (STING) signaling is
essential for antitumor immunity by inducing the production
of type I IFN and thus activating both innate and adaptive im-
munity based on gene knockout mouse models. However, the
extensive detection of the expression of cGAS/STING signaling
in human cancer andmining the roles of this signaling pathway
in human cancer immunity have not been performed until
now. In this study, we revealed that four key molecules
(cGAS, STING, TANK binding kinase 1 [TBK1], and IFN reg-
ulatory factor 3 [IRF3]) in the cGAS/STING signaling are high-
ly expressed in cancer tissues, and the expression levels of these
genes are negatively correlated with their methylation levels in
most of the detected cancer types. We also showed that highly
upregulated cGAS/STING signaling is negatively correlated
with the infiltration of immune cells in some tumor types,
and consistent with these findings, we showed that a high level
of cGAS/STING signaling predicts a poor prognosis in patients
with certain cancers. This study suggests that it is necessary to
deeply and fully evaluate the function of cGAS/STING
signaling in cancer immunity and cancer progression before
the application of the STING agonist-based anticancer immune
therapy in the clinic.

INTRODUCTION
Although the crosstalk between the immune system and cancer has
been documented for almost 60 years,1 the precise mechanism of
how the immune system recognizes and kills cancer cells is unknown.
Currently, it is well accepted that both innate and adaptive immunity
play an important role in tumor immunosurveillance, and type 1
interferon (IFN) is critical for eliciting an effective antitumor immu-
nity by bridging innate and adaptive immunity, because type 1 IFN,
produced by antigen-presenting dendritic cells (DCs) in the tumor
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microenvironment, not only activates the innate immune response
but also facilitates T cell cross-priming and infiltration.2 Numerous
studies demonstrate that cytosolic double-strand DNA induces the
expression of type 1 IFN in various cell types;3 however, the mecha-
nism of type 1 IFN induction stimulated by cytosolic DNA was not
truly revealed until 2008, when the stimulator of IFN genes (STING)
was identified.4

Recent evidence demonstrates that cGAS (cyclic GMP-AMP syn-
thase)/STING signaling is critical for the induction of type 1 IFN
and plays an important role in the cancer immunity. Recent research
shows that cytoplasmic dsDNA in cancer cells, caused by DNA virus
infection, genomic DNA damage, or mitochondrial DNA leakage,
binds to and then activates cGAS, an enzyme that catalyzes the pro-
duction of cyclic GMP-AMP (cGAMP), which is a type of cyclic dinu-
cleotide that binds to and activates STING.5 The activated STING
changes its conformation to recruit TANK binding kinase 1
(TBK1) and then phosphorylates IFN regulatory factor 3 (IRF3).
The phosphorylated IRF3 translocates into the nucleus and induces
the production of type I IFN and other cytokines associated with im-
munity regulation.6

As a stimulator of type 1 IFN, the cGAS/STING pathway is reported
to trigger a spontaneous antitumor T cell response in vivo,7 whereas
uthor(s).
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the deficiency of STING or IRF3 shows an impaired spontaneous
T cell response against tumors.8 Moreover, an intratumoral injection
of a STING agonist promotes the infiltration of T cells into the tumor
microenvironment in both murine melanoma and glioma models.9,10

In most conditions, chemotherapy and radiotherapy destroy tumor
cells by inducing DNA damage, and then they cause the release of
the DNA fragments into the cytosol, thus activating the cGAS/STING
pathway.8 There are some studies showing that a STING agonist also
enhances the efficiency of immune-checkpoint blockade-based
immunotherapy in some tumor types.11 However, STING-deficient
hosts show a poorer treatment efficacy for immunotherapy and che-
moradiation therapy.8 These studies imply that the cGAS/STING
pathway plays an important role in antitumor immunity and cancer
therapeutics.

Although it has been shown that the cGAS/STING pathway is essen-
tial for antitumor immunity in various mouse models, and there are
limited studies suggesting that this signaling pathway is also an
important regulator in certain human cancer types,12,13 the extensive
detection of the expression of cGAS/STING signaling in human can-
cer and mining the roles of this signaling pathway in human cancer
immunity have not been performed until now. In this study, we de-
tected the expression profiles of four key molecules (cGAS, STING,
TBK1, and IRF3) in the cGAS/STING signaling pathway, explored
their potential roles in the infiltration of immunity cells within human
tumor tissues, and uncovered the value of predicting the prognosis of
cancer patients by analyzing The Cancer Genome Atlas (TCGA) data
in pan-cancer.

RESULTS
cGAS/STING Signaling Is Universally Elevated Based on the

Expression of MB21D1, TMEM173, TBK1, and IRF3 in Pan-

Cancer

We first evaluated the expression change of four key molecules,
MB21D1 encoding cGAS and TMEM173 encoding STING, TBK1,
and IRF3, in the cGAS/STING signaling pathway by comparing
their expression in both malignant tumor tissues and controlled
normal tissues based on TCGA datasets containing 18 malignant
tumor types. In the majority of the malignant tumor types, the
expression of MB21D1 mRNA is significantly increased compared
with that of the normal tissue (Figure 1A), with the exception that
there is no significant difference for MB21D1 expression in pancre-
atic adenocarcinoma (PAAD), thyroid adenocarcinoma (THCA),
skin cutaneous melanoma (SKCM), and uterine corpus endometrial
carcinoma (UCEC), whereas it is downregulated only in prostate
adenocarcinoma (PRAD) compared with normal tissues. The
expression of TMEM173 in tumor tissues is upregulated significantly
in colorectal carcinoma (COAD), kidney renal clear cell carcinoma
(KIRC), stomach adenocarcinoma (STAD), and THCA, but is
downregulated significantly in lung adenocarcinoma (LUAD), lung
squamous carcinoma (LUSC), PRAD, and UCEC compared with
normal control tissues (Figure 1B, p < 0.05). We revealed that the
expression of TBK1 is also upregulated in more than half of the
detected malignant tumor types (Figure 1C), including bladder car-
cinoma (BLCA), breast carcinoma (BRCA), COAD, head and neck
squamous carcinoma (HNSC), KIRC, kidney renal papillary cell car-
cinoma (KIRP), liver hepatocellular carcinoma (LIHC), LUAD,
LUSC, and STAD, and it is downregulated only in UCEC compared
with that of the normal control tissues. When investigating the
expression of the IRF3 gene (Figure 1D), we found that it is upregu-
lated in almost all of the detected cancer types, with the exception of
PAAD and SKCM, compared with that of the normal control tissues.
Considering the key roles of these molecules in cGAS/STING
signaling, the elevated expression of these molecules in most of
the detected cancer types implies that this signaling is universally
elevated in pan-cancer.

The Promoter Methylation Levels of MB21D1, TMEM173, TBK1,

and IRF3 Are Variant in Different Types of Malignant Tumors

It has been reported that hypermethylation of the MB21D1 or
TMEM173 gene promoter contributes to its downregulation in
certain cancer types.14,15 In this study, we revealed that cGAS/STING
signaling is universally enhanced in pan-cancer due to the elevated
expression of key molecules in this signaling pathway. To reveal the
mechanism of the upregulation of these molecules, we investigated
the methylation status of the promoters of the genes MB21D1,
TMEM173, TBK1, and IRF3 by analyzing the MethHC database in
pan-cancer. The results showed that the promoter of the MB21D1
gene is significantly hypomethylated in cervical squamous carcinoma
(CESC), KIRC, KIRP, and PAAD, but that it is significantly hyperme-
thylated in COAD, LIHC, LUSC, and PRAD (Figure 2A). For the
TMEM173 gene (Figure 2B), it is significantly hypomethylated in
COAD, HNSC, KIRC, PAAD, SKCM, and THCA, but hypermethy-
lated in BRCA, LUAD, LUSC, PRAD, and UCEC. Moreover, the
methylation level of the TBK1 gene promoter is deficient in LIHC
and THCA and is elevated in CESC, KIRC, LUSC, and PAAD (Fig-
ure 2C). Similarly, the methylation level of the IRF3 gene promoter
is deficient only in PRAD but is elevated in KIRC, LUSC, and
PAAD (Figure 2D).

Next, we analyzed the correlation between the methylation and
expression of these four genes in different tumor types. As expected,
the methylation levels of the detected genes are generally negatively
correlated with their expression levels. The correlation between the
methylation and expression of the MB21D1 gene is significantly
high in COAD and LUSC but was low in CESC, KIRC, KIRP,
LIHC, PAAD, and PRAD (Table 1). For TMEM173, it is prominent
in COAD, KIRC, LUSC, PAAD, PRAD, THCA, and UCEC and is
low only in HNSC and SKCM (Table 1). The methylation and expres-
sion of TBK1 are weakly correlated in all of the methylation-differen-
tiated tumors, and there is no correlation in KIRC (Table 1). Similarly,
IRF3 shows a low correlation in all of the methylation-differentiated
tumors (Table 1).

A High Somatic Mutation Rate in the MB21D1, TMEM173, TBK1,

and IRF3 Genes Is Present in Pan-Cancer

The impaired ability of STING to sense cGAMP caused by a SNP
in the TMEM173 gene has been reported in a previous study,16
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Figure 1. The Expression of the cGAS/STING Pathway in Different Types of Cancer

TCGA RNA-seq data were first TPM normalized, and the differential expression was assessed by an unpaired t test to generate a p value. (A) The expression of MB21D1

in pan-cancer. (B) The expression of TMEM173 in pan-cancer. (C) The expression of TBK1 in pan-cancer. (D) The expression of IRF3 in pan-cancer. *p < 0.05; **p < 0.01;

***p < 0.001.
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Figure 2. Promoter Methylation Level of the cGAS/

STING Pathway in Different Types of Cancer

The p value was assessed by an unpaired t test. (A)

Methylation level of MB21D1 gene promoter. (B) Methyl-

ation level of TMEM173 gene promoter. (C) Methylation

level of TBK1 gene promoter. (D) Methylation level of IRF3

gene promoter. *p < 0.05; **p < 0.01; ***p < 0.001.
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Table 1. An Analysis of Correlation between the Expression and

Methylation of Four Genes within the cGAS/STING Signaling Pathway

Cancer

Genes

MB21D1 TMEM173 TBK1 IRF3

BLCA �0.503*** �0.568*** �0.184*** �0.268***

BRCA �0.303*** �0.536*** �0.220*** �0.131***

CESC �0.259*** �0.498*** �0.337*** �0.149**

CRC �0.629*** �0.669*** �0.106* �0.184***

HNSC �0.371*** �0.413*** �0.101* �0.211***

KIRC �0.373*** �0.663*** �0.092 �0.249***

KIRP �0.309*** �0.767*** �0.297*** �0.209***

LIHC �0.429*** �0.625*** �0.123* �0.333***

LUAD �0.567*** �0.604*** �0.244*** �0.200***

LUSC �0.568*** �0.519*** �0.268*** �0.199***

PAAD �0.408*** �0.529*** �0.261*** �0.245***

PRAD �0.409*** �0.762*** �0.245*** �0.205***

SARC �0.338*** �0.619*** �0.158* �0.246***

SKCM �0.461*** �0.360*** �0.097* �0.116*

STAD �0.302*** �0.415*** �0.148** �0.168**

THCA �0.415*** �0.791*** �0.186*** �0.145**

UCEC �0.606*** �0.574*** �0.022 �0.296***

The correlation between methylation and expression was analyzed by a Pearson corre-
lation coefficient (jrj > 0.5 denoted a significant correlation, and jrj < 0.5 denoted a low
correlation). The COAD and READ tumor samples were combined as colorectal cancer
(CRC) samples. *p < 0.05), **p < 0.01), ***p < 0.001.
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suggesting that gene mutations may also affect the activity of cGAS/
STING signaling. Thus, we evaluated the mutation status of the
MB21D1, TMEM173, TBK1, and IRF3 genes in pan-cancer. The
result showed that various frequent mutations are present in the
MB21D1, TMEM173, TBK1, and IRF3 genes in all the detected can-
cer types, and that the average mutation rate is comparable among
the MB21D1, TMEM173, TBK1, and IRF3 genes. The top three
highest mutation rates for the MB21D1 gene are present in
COAD, READ, and UCEC, respectively (Figure 3), and the top
three highest mutation rates for the TMEM173 gene are present
in COAD, SKCM, and UCEC (Figure 3). Furthermore, the top three
highest mutations rates for the TBK1 gene are present in CESC,
COAD, and UCEC (Figure 3). For the IRF3 gene, the top three
highest mutation rates are present in BLCA, READ, and UCEC
(Figure 3). The highest mutation rates for the MB21D1,
TMEM173, TBK1, and IRF3 genes are all present in UCEC, suggest-
ing that cGAS/STING signaling in UCEC may be significantly
impaired.

Although the mutation rates of these genes in the tumors are rela-
tively high, because the mutated amino acids are not located in the
functional regions of these genes, it appears that most of the muta-
tions might not affect the ability of STING to bind cyclic diguanylate
(CDN), the enzyme activity of cGAS, the kinase activity of TBK1, or
the ability of IRF3 to act as a transcription factor.
84 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
Analyzing the Correlation between the Expression of the

MB21D1, TMEM173, TBK1, or IRF3 Genes and Immune

Infiltration in the Tumor Microenvironment in Pan-Cancer

Evidence from animal models has suggested that cGAS/STING
signaling plays an important role in anticancer immunity. Thus, we
evaluated the correlation between the expression of four key mole-
cules in cGAS/STING signaling and immune cell infiltration within
the tumor microenvironment, a key process of anticancer immunity
in pan-cancer.

To investigate the impact of each gene on the infiltration of immune
cells, we evaluated a total of 28 subpopulations of tumor-infiltrated
leukocytes (TILs), including 16 adaptive immune cells and 12 innate
immune cells. The correlation between the expression of MB21D1,
TMEM173, TBK1, or IRF3 and these TILs is shown in Figures 4
and S1–S4, where the node size indicates the correlation significance
and the color indicates the correlation degree. We found that the
expression of MB21D1 mainly is associated with the infiltration of
CD4 T cells, CD8 T cells, T helper cells, and natural killer T (NKT)
cells in pan-cancer (Figure 4A; Figure S1), whereas TMEM173 is
almost positively correlated with the infiltration of all immune cells
in pan-cancer, especially in BLCA, BRCA, LIHC, PRAD, and
THCA (Figure 4A; Figure S2). However, the effect of TBK1 and
IRF3 on immune infiltration is mainly negative, and TBK1 expression
is only positively correlated with the infiltration of CD4 T cells,
including activated CD4 T cells, effector memory CD4 T cells, and
type 2 T helper cells in pan-cancer (Figure 4A; Figure S3). By contrast,
the expression of IRF3 is negatively correlated with the infiltration of
effector memory CD4 T cells, memory B cell, type 2 T helper cell, and
immature DC, but is positively correlated with the infiltration of acti-
vated CD8 T cells and CD56 dim natural killer cells in pan-cancer
(Figure 4A; Figure S4). These results suggest that the role of cGAS/
STING signaling in anticancer immunity is not consistent.

Because of that the T cell infiltration in the tumor microenvironment
is closely associated with the efficiency of immune checkpoint
blockade therapy; thus, we evaluated the impact of the expression
of four key molecules in cGAS/STING signaling on the therapeutic
effect of blocking immune checkpoint activity. By analyzing a tran-
scriptome dataset from 40 patients with metastatic melanoma in a
clinical trial to evaluate the benefit of CTLA-4 blockade, we revealed
that patients with high expression of TMEM173 (Figure 4B) or TBK1
(Figure 4C) yield more considerable clinical benefit to anti-CTLA-4
therapy and had longer survival time than those patients with low
expression of TMEM173 or TBK1, respectively, whereas the expres-
sion of MB21D1 or IRF3 has no impact on the clinical benefit for
patients of CTLA-4 blockade (data not shown). This result is consis-
tent with the observation that the expression of both TMEM173 and
TBK1 is significantly correlated with the infiltration of CD4 T and
CD8 T cells in melanoma (Figure 4A). Thus, we showed that the
cGAS/STING signaling not only regulates immune cell infiltration,
but also affects the benefit for cancer patients of immune checkpoint
blockade and provides a theoretical basis for the combination of
STING agonists and immunological checkpoint inhibitors.



Figure 3. Somatic Mutation Rate of the MB21D1,

TMEM173, TBK1, and IRF3 Genes in Various Tumors
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The Expression of the MB21D1, TMEM173, TBK1, and IRF3

Genes Predicts the Prognosis of Cancer Patients

By analyzing the correlation between key molecules of cGAS/STING
signaling and the infiltration of individual types of immune cells, we
showed that the expression of MB21D1 and TMEM173 is majorly
correlated with the positive infiltration of adaptive and innate im-
mune cells in pan-cancer, whereas the expression of TBK1 and
IRF3 is negatively correlated with immune infiltration, which implies
thatMB21D1, TMEM173, TBK1, and IRF3may play different roles in
the prognosis of cancer patients. Thus, we evaluated the prediction
value of the expression of the MB21D1, TMEM173, TBK1, and
IRF3 genes in the prognosis of cancer patients. To our surprise, we
found that, among the 18 cancer types, the expression levels of
MB21D1 and TMEM173 fail to predict prognosis in any cancer
type, with the exception that a high expression of MB21D1 predicts
a poor prognosis in COAD patients (Figure 5A; Figures S5 and S6).
A high expression of TBK1 in LUAD indicates a poor prognosis
but predicts a good prognosis in READ patients (Figure 5B; Fig-
ure S7). By contrast, a high IRF3 expression predicts a poor prognosis
in COAD, KIRC, and PRAD patients but indicates a good prognosis
only in PAAD patients (Figure 5C; Figure S8).

DISCUSSION
Immunotherapy is an effective cancer therapy, and it was ranked
number one among the 10 major scientific breakthroughs in 2013
by Science. Both adaptive immunity and innate immunity are targets
of immunotherapy. The cGAS/STING signaling pathway has at-
tracted massive interest in immunotherapy due to its positive effect
on activating both the innate and the adaptive immune response.
For instance, based on animal models, scientists suggest that the
activation of this signaling pathway enhances the checkpoint
blockade-based therapeutic effector and improves the effect of thera-
peutic cancer vaccination.17 However, current studies focusing on the
role of this pathway in human malignant tumors are limited.

In this study, we investigated the expression of four key molecules in
cGAS/STING signaling in pan-cancer. We found that the expression
of the MB21D1, TMEM173, TBK1, and IRF3 genes is significantly
upregulated in almost all of the detected cancer types, which implies
that cGAS/STING signaling may be activated in pan-cancer. Specif-
ically, the expression levels of these four key molecules are all upregu-
lated in COAD, KIRC, and STAD, whereas the level at least one of
these four molecules is increased in BLCA, BRCA, CESC, HNSC,
Molecular
KIPR, LIHC, READ, THCA, SKCM, and SARC.
Notably, the expression levels of the MB21D1,
TMEM173, and TBK1 genes are not altered, but
the expression of IRF3 is downregulated in
PAAD, suggesting that the immunity status in
PAAD may be suppressed; this finding deserves
further experiments for validation. For LUAD and LUSC, although
most of these molecules are upregulated, the expression of
TMEM173 is decreased, suggesting a different immune status for
these cancer types.

Furthermore, we found that hypomethylation is more frequently
observed in the GC island within these genes’ promoters. This obser-
vation is consistent with the result that most of the four key molecules
are upregulated in pan-cancer. However, inconsistencies between the
expression and the promoter methylation status of the genes are also
found. For example, the expression of TBK1 and IRF3 is significantly
upregulated, whereas the promoters of these genes are also hyperme-
thylated in KIRC and LUSC tissues compared with that in normal tis-
sues. In another case, the promoter of MB21D1 is hypermethylated,
but it is highly expressed in LIHC and LUSC tissues compared with
that in normal tissues. The mRNA level of the genes may also be
regulated by other factors, such as microRNAs (miRNAs) and RNA
binding proteins;18,19 thus, the posttranscriptional regulation may
contribute to revealing the aberrant expression of these genes in
certain cancer tissues. In addition to the expression level, we also
detected the mutation status of these four molecules in cGAS/STING
signaling. Although we find that cGAS-STING signaling presents a
higher mutation rate in a variety of tumors, most of these mutations
are not in the functional region, suggesting that these mutations may
not affect their functions, and thus mutations may not be the main
reason for the aberrant regulation of cGAS/STING activity in pan-
cancer.

According to our study, the cGAS/STING signaling pathwaymight be
activated in most cancer types, which is unexpected because, on the
one hand, it is widely accepted that this signaling is a tumor suppres-
sor,20 and on the other hand, several previous studies reveal that this
signaling pathway is suppressed in some tumor tissues.15 However, a
very recent study reports that STING signaling may mediate the
metastasis of cancer cells. Bakhoum et al.21 found that the genomic
instability of the tumor cells results in the activation of STING
signaling in response to cytosolic DNA, and the activation of STING
signaling activates downstream noncanonical nuclear factor kB (NF-
kB) signaling, which then promotes the metastasis of cancer cells. A
very recent study reported that cGAS overexpression enhances the
double-strand DNA damage and results in genome instability in a
lung cancer model, and induces malignant transformation, stimulates
the proliferation in vitro, and accelerates tumor growth in vivo of lung
Therapy: Nucleic Acids Vol. 14 March 2019 85
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Figure 4. The Correlation between the Expression of cGAS/STING Signaling and the Infiltration of Immune Cells

(A) The correlation between the expression of MB21D1, TMEM173, TBK1, IRF3, and the infiltration of activated CD4, CD8 T cell, and DC. Node color is determined by

correlation, and node size indicates the significance of correlation. (B) The high expression of TMEM173 predicts a favorable prognosis of metastatic melanoma patients

treated with monoclonal antibody against CTLA-4. (C) The high expression of TBK1 indicates a favorable prognosis of metastatic melanoma patients treated with monoclonal

antibody against CTLA-4.
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cancer cells.22 As a hallmark of cancer, genomic instability drives tu-
mor evolution by activating STING signaling and promoting cancer
progression, which may explain why this signaling is universally
elevated in pan-cancer. Additionally, it has been reported that the
86 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
activation of cGAS/STING signaling stimulates the expression of
PD-L1 in cancer cells, which mediates the immune evasion of cancer
cells.23 These studies suggest that cGAS/STING signaling activation
can promote cancer progression.



Figure 5. cGAS/STING Pathway Expression as a Prognostic Factor in Various Tumors

(A) MB21D1. (B) TBK1. (C) IRF3.

www.moleculartherapy.org
By analyzing the relationship between the expression of keymolecules
in cGAS/STING signaling and the signature of different immune
cells, we revealed that only the expression level of TMEM173 is posi-
tively correlated with the infiltration of most immune cells, whereas
the expression levels of MB21D1, TBK1, or IRF3 are only positively
correlated with the infiltration of certain immune cell types but
were negatively correlated with the infiltration of other immune cell
types in pan-cancer. In the past few years, various STING agonists
have been developed to improve anticancer immunity. For example,
directly injecting synthetic CDN into mice tumors activates STING
and the innate immune system, which then triggers a series of cascade
reactions and activates T cells against tumors.24 However, a recent
study found that STING agonists induce cell death in T cells by acti-
vating cell stress.25 Similarly, in another study, the proliferation of T
lymphocytes is impaired upon constitutive STING activation; this
process is dependent on NF-kB and results from STING relocaliza-
tion to the Golgi apparatus after activation.26 These new findings sug-
gest that cGAS/STING signaling may impair the adaptive immune
system, and our results also show that a high expression of cGAS/
STING signaling components is negatively correlated with the infil-
tration of certain immune cells. Thus, the relationship between the ac-
tivity of cGAS/STING signaling and the immune infiltration is more
complicated than what we currently know.

Conclusions

Collectively, we have for the first time revealed that cGAS/STING
signaling is highly expressed in pan-cancer tissues. We also show
that highly upregulated cGAS/STING signaling is negatively corre-
lated with the infiltration of immune cells in some tumor types,
and consistent with these findings, we showed that a high level of
cGAS/STING signaling predicts a poor prognosis in patients with
some cancers. This study suggests that it is necessary to deeply and
fully evaluate the functions of cGAS/STING signaling in cancer im-
munity and cancer progression before the application of STING
agonist-based anticancer immune therapy in the clinic.

MATERIALS AND METHODS
Data Obtaining from TCGA, MethHC, and cBioPortal Databases

We obtained 18 kinds of tumor mRNA RNA-Seq-HTSeq-fragments
per kilobase of exon model per million mapped reads (FPKM) data
from TCGA database27 to further analyze the expression of cGAS/
STING signaling; then we used trans per million (TPM) to stan-
dardize these data for a better comparison. An unpaired t test was
applied to determine the difference between the gene expression in
the tumor and normal tissue. The methylation levels were obtained
from MethHC (http://methhc.mbc.nctu.edu.tw/php/index.php),28

an online database of DNA methylation and gene expression in hu-
man cancer, which comprises 6,548 DNAmethylation data generated
by the Illumina Human Methylation 450K BeadChip and 12,567
mRNA and miRNA expression data generated by RNA-sequencing
(RNA-seq)/miRNA-seq in 18 human cancers. We downloaded the
promoter methylation data of MB21D1, TMEM173, TBK1, and
IRF3 in 18 kinds of tumors. In addition, the p value was calculated
by an unpaired t test. To determine the correlation between
Molecular Therapy: Nucleic Acids Vol. 14 March 2019 87
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methylation and expression, we screened tumors with statistically
significant different methylation levels and analyzed the correlation
between methylation and the expression of target genes in different
cancer types using an online database cBioPortal. The cBioPortal
(http://www.cbioportal.org) for Cancer Genomics provides visualiza-
tion, analysis, and downloading of large-scale cancer genomics
datasets.29,30 We used the plot function of this website, choosing
the profile mRNA expression (RNA Seq V2 RSEM) and Illumina
human methylation 450 (HM450) to calculate the Pearson coefficient
to achieve a correlation analysis. In addition, jrj > 0.5 was a significant
correlation, and jrj < 0.5 was a low correlation. Additionally, the
somatic mutation data from various tumors were also downloaded
from TCGA. The present study was approved by the Ethics Commit-
tee of Harbin Medical University (Heilongjiang, China).

GEPIA Survival Analysis

The prognostic value of the expression of MB21D1, TMEM173,
TBK1, and IRF3 mRNA was evaluated using the online database
GEPIA. GEPIA (Gene Expression Profiling Interactive Analysis)31

is a web-based tool that delivers fast and customizable functionalities
based on TCGA and genotype-tissue expression (GTEx) data, which
contains the gene expression data and survival information of a num-
ber of cancer types. To analyze the overall survival (OS) of the
patients, we set the median expression as the expression threshold
to split the patient samples into high-expression and low-expression
groups, and used a Kaplan-Meier survival plot with the hazard ratio
(HR), a 95% confidence interval (CI), and a log rank test p value.

Analyzing the Correlation between the Infiltration of Immune

Cells and the Expression of Key Molecules in cGAS/STING

Signaling

The RNA-seq data of TCGA tumors across 24 cancer types were
downloaded from the GEO database (GEO: GSE62944). All of the
raw data were reprocessed using the R package “Rsubread” by align-
ing the fastq files downloaded from the Cancer Genomics Hub32 so
that the expression value of the genes could be compared between
the different samples. A list of 782 immune marker genes, corre-
sponding to 28 tumor-infiltrating immune subpopulations, was
from a previous study.33 The infiltration level of each immune sub-
population was estimated by the single sample gene set enrichment
analysis (ssGSEA) method using the R package “GSVA,” as previ-
ously described.33 The COAD and READ tumor samples were
combined as colorectal cancer (CRC) samples. To determine the
association between gene expression and immune cells, the Pearson
correlation coefficient was computed between the gene expression
and the enrichment score of each immune subpopulation. The prog-
nostic value of the genes was evaluated using a Cox proportional haz-
ards regression in each cancer type, and the overall HR was estimated
by a fixed-effects meta-analysis as a pan-cancer prognostic value.

Analyzing the Correlation between the cGAS/STING Pathway

and the Clinical Outcome of CTLA-4 Blockade

In order to obtain the relationship between the cGAS/STING
pathway and the clinical response of immune checkpoint blockade
88 Molecular Therapy: Nucleic Acids Vol. 14 March 2019
therapy, we analyzed the correlation between the expression of four
key molecules in cGAS/STING signaling and the clinical benefit for
patients with metastatic melanoma to ipilimumab, a monoclinic anti-
body against CTLA-4.34 We obtained 40 tumor samples with pre-
treatment transcriptome data and then divided these patients into
high-expression and low-expression groups according to the median
expression of these genes, respectively, and assessed the OS of patients
by using a Kaplan-Meier survival plot with the HR, 95% CI, and log
rank test p value.
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