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Cutting Edge: STING Mediates Protection against
Colorectal Tumorigenesis by Governing the Magnitude of

Intestinal Inflammation

Qifan Zhu,*’T Si Ming Man,* Prajwal Gurung,* Zhiping Liu,*

Mohamed Lamkanfi,

Stimulator of IFN genes (STING) is a cytoplasmic innate
immune sensor for cyclic dinucleotides that also serves
a dual role as an adaptor molecule for a number of in-
tracellular DNA receptors. Although STING has impor-
tant functions in the host defense against pathogens and
autoimmune diseases, its physiological role in cancer is
unknown. In this study, we show that S7TING-deficient
mice are highly susceptible to colitis-associated colorec-
tal cancer. Colons of STING-deficient mice exhibit sig-
nificant intestinal damage and overt proliferation during
early stages of tumorigenesis. Moreover, STING-
deficient mice fail to restrict activation of the NF-kB—
and STAT3-signaling pathways, which leads to in-
creased levels of the proinflammatory cytokines IL-6
and KC. Therefore, our results identified an unexpected
and important role for STING in mediating protection
against colorectal tumorigenesis. The Journal of

Immunology, 2014, 193: 4779-4782.

Peter Vogel,*

olorectal cancer (CRC) is the third most common
malignant tumor in the United States, with 1.5
million new cases being diagnosed each year (1).
Clinical studies showed that patients diagnosed with inflam-
matory bowl diseases have a greater risk for developing CRC
compared with healthy individuals (2). Pattern recognition
receptors are key initiators of inflammation and were shown
to be involved in colitis-associated CRC development (3).
Cytoplasmic nucleic acid receptors mediate the detection of
DNA and RNA molecules within the cell and provide robust
host immune defense against intracellular pathogens and
protection against autoimmune diseases (4). Stimulator of
IEN genes (STING) is a cytoplasmic receptor for cyclic
dinucleotides and an adaptor for other DNA sensors (5-10).
The upstream DNA sensors that signal through STING in-

¥ and Thirumala-Devi Kannegant*

clude cGAS, IFI16, and DDX41 (8-10), highlighting an
important function for STING in governing multiple DNA-
recognition pathways. STING recruits TBK1 to activate
IRF3, the latter of which translocates into the nucleus in
a dimeric form and induces transcription of type I IFNs.

Since its discovery, STING was shown to contribute to the
host defense against viral, bacterial, and eukaryotic pathogens
(11). Whether STING plays a role during the development
of CRC or other types of cancer is unknown. Evidence for a
role of a number of nucleic acid sensors in tumorigenesis is
emerging. Our group and other investigators showed that
NLRP3, a proposed sensor of RNA or DNA:RNA hybrid in
the cytoplasm of a cell (12-14), mediates protection against
CRC development by modulating IL-18 production (15, 16).
The dsDNA sensor AIM2 and the dsRNA sensor RIG-I are
downregulated in patients with CRC and hepatocellular car-
cinoma, respectively, and reduced expression of these proteins
is associated with increased mortality in these patients (17,
18). Expression of LGP2, a negative regulator of RIG-I,
promotes the survival of colon tumor and other cancer cell
lines (19). In addition, mice lacking the DNA sensor Ku70, in
combination with the p53"'7?" mutation, develop sponta-
neous colonic inflammation and CRC (20). These studies
indicate that nucleic acid sensors may play a critical role in the
regulation of tumorigenesis.

In this study, we show that STING-deficient mice are highly
susceptible to tumor formation in a model of colitis-associated
CRC. The absence of STING leads to excessive colon in-
flammation during early stages of tumor development, which
is characterized by elevated levels of colonic and circulating
proinflammatory cytokines and more proliferative intestinal
epithelial cells. In addition, we observed increased phosphor-
ylation of NF-kB and STAT3 in S7/NG-deficient mice, in-
dicating a role for STING in governing the suppression of
transcription factor activities during intestinal inflammation.
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Overall, these results underscore a critical role for STING in
mediating host protection against colorectal tumorigenesis.

Materials and Methods
Mice

Wild-type (WT; C57BL/6) and STING-deficient mice [referred to as
STING®™ in this article and described previously (21)] were all matched for age
and sex. Mice were housed in a specific pathogen—free facility, and animal studies
were approved by the St. Jude Children’s Research Hospital Committee on the
Use and Care of Animals. Mice were injected i.p. with 10 mg azoxymethane
(AOM; Sigma) per kilogram of body weight. Following AOM injection,
drinking water was supplemented with 3% dextran sulfate sodium (DSS; mo-
lecular mass 36-40 kDa; MP Biologicals) for 6 d, followed by a regular water
supply for 2 wk. Two additional cycles of 2.5% DSS were used (Supplemental
Fig. 1A). Mice were sacrificed 4 wk after the last round of DSS treatment.

Histology

Histological analysis and scoring, as well as Ki-67 staining techniques, were
performed as described (22, 23).

Cytokine analysis

Levels of cytokines from colon and sera samples were measured by ELISA,
according to the manufacturers” instructions (IL-18 from eBioscience, IFN-3
from BioLegend, and all other cytokines from Millipore).

Western blotting

Proteins were extracted using RIPA buffer supplemented with protease and
phosphatase inhibitors (Roche). Protein samples were separated by SDS-PAGE
and transferred to polyvinylidene difluoride membranes. Primary Abs used were
anti-ERK, anti-IkBa, anti-p-ERK, anti—p-IkBa, anti-STAT3, anti—p-STAT3
(all from Cell Signaling Technology), and anti—caspase-1 p10 (Santa Cruz).

Quantitative real-time PCR

RNA was extracted using TRIzol reagent (Life Technologies). Isolated RNA
was reverse transcribed into cDNA using the First-Strand cDNA Synthesis Kit
(Life Technologies). Real-time PCR was performed on an ABI 7500 real-time
PCR instrument with 2X SYBR Green (Applied Biosystems). For PCR
analysis of intestinal bacteria, fecal DNA was extracted using a QIAamp DNA
Stool Mini Kit (QIAGEN). Primers used were STING-forward (F) 5'-CAT
TGG GTA CTT GCG GTT-3', STING-reverse (R) 5'-CTG AGC ATG
TTG TTA TGT AGC-3', B-actin-F 5'-CAG CTT CTT TGC AGC TCC
TT-3', B-actin-R 5'-CAC GAT GGA GGG GAA TAC AG-3', eubacteria
(Universal)-F 5'-ACT CCT ACG GGA GGC AGC AGT-3', eubacteria
(Universal)-R 5'-ATT ACC GCG GCT GCT GGC-3', Prevotellaceae-F 5'-
CCA GCC AAG TAG CGT GCA-3’, Prevotellaceae-R 5'-TGG ACC TTC

A 0.010 B
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CGT ATT ACC-3', BacteroidessF 5'-GGT TCT GAG AGG AGG TCC C-
3', Bacteroides-R 5'-GCT GCC TCC CGT AGG AGT-3’, mouse intestinal
Bacteroides (MIB)-F 5'-CCA GCA GCC GCG GTA ATA-3', MIB-R 5'-
CGC ATT CCG CAT ACT TCT C-3', segmented filamentous bacteria
(SFB)-F 5'-GAC GCT GAG GCA TGA GAG CAT-3', SFB-R 5'-GAC
GGC ACG GAT TGT TAT TCA-3', TM7-F 5'-GCA ACT CTT TAC
GCC CAG T-3', and TM7-R 5'-GAG AGG ATG ATC AGC CAG-3". The
level of STING expression was normalized to B-actin. The level of the 16S
rRNA gene from each bacterial population was normalized to the 16S rRNA
gene of eubacteria.

Statistical analysis

Statistical differences were determined by the Student # test; p < 0.05 was
considered statistically significant.

Results and Discussion

STING is expressed in a variety of tissues and organs in mice
(Fig. 1A). The spleen and small and large intestines expressed
the highest levels of STING mRNA (Fig. 1A). To investigate
the role of STING in colon tumor development, we used
a colitis-associated CRC model to induce colon tumorigenesis
in mice (Supplemental Fig. 1A). We injected AOM i.p. into
WT and STING*”" mice, followed by three rounds of DSS
treatment. Eighty days post:AOM injection, we observed that
STING#*¢ mice had significantly increased tumor burden
compared with WT controls (Fig. 1B, 1C). Although the
number of tumors doubled in S7INGZ® mice, the size of
tumors in STINGE® and WT mice was similar (Fig. 1D).
Histological analysis revealed that STING®** mice exhibited
more severe pathological damage after tumor development,
which was characterized by increased colonic inflammation
and hyperplasia (Fig. 1E, 1G). Histological observations were
quantified, and the scores revealed that § TING" mice showed
enhanced intestinal pathology compared with WT mice (histo-
logical scores: 17.6 * 1.2 for STING,10.6 = 0.9 for WT;
Fig. 1F). All regions of the colon from STING*"" mice, espe-
cially the distal region, displayed more severe pathology com-
pared with WT mice (Supplemental Fig. 1B). Notably, dysplasia
was observed exclusively in STING®* mice, with 75% of the
colon samples from STING**' mice showing hallmarks of low-
grade (50% of the samples) or high-grade (25%) dysplasia (Fig.
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FIGURE 1. STING is critical for mediating protection against colon tumor development. (A) Relative STZNG mRNA levels in different tissues of WT
C57BL/6 mice. (B) Colons from WT and STING¢"" mice on day 80 post-AOM injection. Tumor number (C) and size (D) in WT and STING"# mice. (E)
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G10T ‘17 Joquaydag uo Ayisisarun y3yag e /310 jounwwil mmar//:dny woiy papeojumocg



The Journal of Immunology

1H). Therefore, these data suggest a crucial role for STING in
suppressing colorectal tumorigenesis in colits-associated CRC.

We observed that STING*' mice lost significantly more
body weight than did WT mice (Fig. 2A). Indeed, the colon
length was greatly reduced in STING*”" mice on day 14
(Fig. 2B). H&E staining revealed an increase in cellular in-
fileration, crypt thickness, and hyperchromatin in colon tis-
sues of STING2”" mice on day 14 (Fig. 2C). In agreement, all
of the histologic parameters assessed—inflammation, ulcera-
tion, and hyperplasia—were significantly higher in STING"¢*
mice compared with WT mice (Fig. 2D, 2E). To assess
whether STING mediates neoplastic changes that predispose
the host to increased tumorigenic events, we performed Ki-67
staining on colon tissue sections and quantified the magnitude
of intestinal epithelial proliferation. In line with our histo-
logical analysis, the colon of STING**" mice had significantly
increased numbers of Ki-67" cells/crypt (58.7 = 2.15 n= 137)
compared with WT mice (39.6 * 1.3; n = 153; p < 0.0001)
on day 14 (Fig. 2F). Taken together, these results suggest that
STING plays an important function in controlling disease
initiation and susceptibility to hyperproliferation during early
stages of colitis-associated CRC.

Because inflammation is one of the most important drivers
in the development of CRC (3), we hypothesized that STING
controls inflammation during early stages of AOM-DSS
treatment, which ultimately determines host susceptibility to
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colorectal tumorigenesis. To analyze the magnitude of colonic
inflammation in STING*” mice, we measured levels of the
proinflammatory cytokines IL-6 and KC on day 14 (in the
absence of any tumors) and day 80 (when tumors were fully
developed). At 14 d post-AOM injection, we observed a sig-
nificant increase in the levels of IL-6 and KC in colon tissues
of STING*™" mice compared with WT mice (Fig. 3A). We
confirmed this finding and observed elevated levels of circu-
lating IL-6 and KC in the serum of S TINGS"¢ mice (Fig. 3B).
Consistently, we found elevated phosphorylation of ERK and
IkBa in colon tissues of STING"* mice compared with WT
mice on day 14 (Fig. 3C). On day 80, when tumors were fully
developed, the levels of IL-6 and KC remained elevated in
STING#*¢ mice (Supplemental Fig. 1C). Previous reports
showed that myeloid cell-derived IL-6 signals through IL-6R
and gp130 to activate cytoplasmic STAT3 in intestinal epi-
thelial cells (24, 25). STAT3 is frequently activated in pre-
malignant and cancer cells to promote colon tumorigenesis
by amplifying inflammation and tumorigenic transformation
(26). Indeed, colon tissues from STING™" mice showed in-
creased STAT3 phosphorylation compared with WT mice
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(Fig. 3D). We also measured type I IFN production 14 d post-
AOM injection and detected only basal levels of IFN-f in WT
or STING*" mice (Supplemental Fig. 2A). Caspase-1—-me-
diated release of IL-18 was shown to play a protective role in
AOM-DSS-induced colorectal tumorigenesis (16). We found
reduced levels of caspase-1 activation and IL-18 release in
colon tissues of STING*" mice compared with WT mice
after 14 d (Supplemental Fig. 2B, 2C). Therefore, it is possible
that the cross-talk between STING and caspase-1 could me-
diate protection at the intestinal barrier. These findings
highlight that STING restricts NF-kB— and STAT3-signaling
pathways to control colon inflammation and tumorigenesis.

The gut microbiota plays a critical role in modulating sus-
ceptibility to CRC. Dysbiosis is associated with increased sus-
ceptibility to colitis and CRC development (3). To investigate
whether an altered gut microbiota profile contributed to the
elevated incidence of colorectal tumorigenesis in STING*"¢
mice, we performed real-time quantitative PCR analysis to
detect the abundance of five major intestinal bacterial pop-
ulations. We found that WT and STING*” mice harbored
similar levels of Prevotellaceae, Bacteroides, MIB, SFB, and
TM?7 (Supplemental Fig. 2D-H). Therefore, it is unlikely that
differences in these bacterial populations contributed to the
protective role of STING during CRC development.

A recent study revealed that administration of multiple doses
of the STING ligand cydlic di-GMP, alone or in combination
with an adjuvant, reduced the number of metastases, tumor
weight, and tumor size in a mouse model of metastatic breast
tumor (27). The ability of cyclic di-GMP to enhance T cell
responses, amplify IL-12 production by myeloid-derived sup-
pressor cells, and activate caspase-3—dependent cell death in
tumor cells was reported to play a role in reducing metastatic
breast cancer (27). The antitumorigenic properties of cyclic di-
GMP in breast cancer indicate a need to evaluate the therapeutic
value of this STING ligand in CRC. It is possible that STING
itself, or in concert with an upstream DNA sensor, recognizes
endogenous DNA released by dying cells during intestinal
barrier damage. In addition, oxidative DNA damage was shown
to accumulate in intestinal epithelial cells and activate STING
signaling (28, 29). It is possible that recognition of endogenous
DNA by STING mediates suppression of inflammation, which
reduces the likelihood of uncontrolled inflammation leading to
tumorigenesis. Overall, our results underscore a novel role for
STING in modulating activation of NF-kB and STAT3 sig-
naling and production of IL-18 during the development of
CRC. These inflammatory mediators may modulate the tu-
morigenic properties of intestinal cells, which ultimately regu-
late proliferation and tumorigenesis. Collectively, our data
indicate that STING plays a critical role in mediating protection
against inflammation-associated CRC development. Therapeu-
tic modulation of STING in susceptible individuals may have
the potential to prevent and treat CRC.

Disclosures

The authors have no financial conflicts of interest.

References
1. Siegel, R., D. Naishadham, and A. Jemal. 2013. Cancer statistics, 2013. CA Cancer
J. Clin. 63: 11-30.
2. Chen, G. Y., and G. Nufez. 2011. Inflammasomes in intestinal inflammation and
cancer. Gastroenterology 141: 1986-1999.

CUTTING EDGE: STING PREVENTS COLORECTAL CANCER

3. Elinav, E., R. Nowarski, C. A. Thaiss, B. Hu, C. Jin, and R. A. Flavell. 2013.
Inflammation-induced cancer: crosstalk between tumours, immune cells and
microorganisms. Nat. Rev. Cancer 13: 759-771.

4. Hornung, V., R. Hartmann, A. Ablasser, and K. P. Hopfner. 2014. OAS proteins
and cGAS: unifying concepts in sensing and responding to cytosolic nucleic acids.
Nat. Rev. Immunol. 14: 521-528.

5. Ishikawa, H., and G. N. Barber. 2008. STING is an endoplasmic reticulum adaptor
that facilitates innate immune signalling. Nature 455: 674-678.

6. Ishikawa, H., Z. Ma, and G. N. Barber. 2009. STING regulates intracellular DNA-
mediated, type I interferon-dependent innate immunity. Nature 461: 788-792.

7. Burdette, D. L., K. M. Monroe, K. Sotelo-Troha, J. S. Iwig, B. Eckert, M. Hyodo,
Y. Hayakawa, and R. E. Vance. 2011. STING is a direct innate immune sensor of
cyclic di-GMP. Nature 478: 515-518.

8. Unterholzner, L., S. E. Keating, M. Baran, K. A. Horan, S. B. Jensen, S. Sharma,
C. M. Sirois, T. Jin, E. Latz, T. S. Xiao, et al. 2010. IFI16 is an innate immune
sensor for intracellular DNA. Nat. Immunol. 11: 997-1004.

9. Zhang, Z., B. Yuan, M. Bao, N. Lu, T. Kim, and Y. J. Liu. 2011. The helicase
DDX41 senses intracellular DNA mediated by the adaptor STING in dendritic
cells. Nat. Immunol. 12: 959-965.

10. Sun, L., J. Wu, F. Du, X. Chen, and Z. J. Chen. 2013. Cyclic GMP-AMP synthase is
a cytosolic DNA sensor that activates the type I interferon pathway. Science 339: 786-791.

11. Burdette, D. L., and R. E. Vance. 2013. STING and the innate immune response to
nucleic acids in the cytosol. Nat. Immunol. 14: 19-26.

12. Kannegand, T. D., N. Ozéren, M. Body-Malapel, A. Amer, J. H. Park, L. Franchi,
J. Whitfield, W. Barchet, M. Colonna, P. Vandenabeele, et al. 2006. Bacterial RNA
and small antiviral compounds activate caspase-1 through cryopyrin/Nalp3. Nature
440: 233-236.

13. Sander, L. E., M. J. Davis, M. V. Boekschoten, D. Amsen, C. C. Dascher,
B. Ryffel, J. A. Swanson, M. Miiller, and J. M. Blander. 2011. Detection of
prokaryotic mRNA signifies microbial viability and promotes immunity. Nature
474: 385-389.

14. Kailasan Vanaja, S., V. A. Rathinam, M. K. Atianand, P. Kalantari, B. Skehan,
K. A. Fitzgerald, and J. M. Leong. 2014. Bacterial RNA:DNA hybrids are activators
of the NLRP3 inflammasome. Proc. Natl. Acad. Sci. USA 111: 7765-7770.

15. Allen, I. C., E. M. TeKippe, R. M. Woodford, J. M. Uronis, E. K. Holl,
A. B. Rogers, H. H. Herfarth, C. Jobin, and J. P. Ting. 2010. The NLRP3
inflammasome functions as a negative regulator of tumorigenesis during colitis-
associated cancer. J. Exp. Med. 207: 1045-1056.

16. Zaki, M. H., P. Vogel, M. Body-Malapel, M. Lamkanfi, and T. D. Kanneganti.
2010. IL-18 production downstream of the Nlrp3 inflammasome confers protection
against colorectal tumor formation. /. Immunol. 185: 4912-4920.

17. Dihlmann, S., S. Tao, F. Echterdiek, E. Herpel, L. Jansen, J. Chang-Claude,
H. Brenner, M. Hoffmeister, and M. Kloor. 2014. Lack of Absent in Melanoma
2 (AIM2) expression in tumor cells is closely associated with poor survival in co-
lorectal cancer patients. Int. J. Cancer. 135: 2387-2396.

18. Hou, J., Y. Zhou, Y. Zheng, J. Fan, W. Zhou, I. O. Ng, H. Sun, L. Qin, S. Qiu,
J. M. Lee, et al. 2014. Hepatic RIG-I predicts survival and interferon-a therapeutic
response in hepatocellular carcinoma. Cancer Cell 25: 49-63.

19. Widau, R. C., A. D. Parekh, M. C. Ranck, D. W. Golden, K. A. Kumar,
R. F. Sood, S. P. Pitroda, Z. Liao, X. Huang, T. E. Darga, et al. 2014. RIG-I-like
receptor LGP2 protects tumor cells from ionizing radiation. Proc. Natl. Acad. Sci.
USA 111: E484-E491.

20. Puebla-Osorio, N., J. Kim, S. Ojeda, H. Zhang, O. Tavana, S. Li, Y. Wang, Q. Ma,
K. S. Schluns, and C. Zhu. 2014. A novel Ku70 function in colorectal homeostasis
separate from nonhomologous end joining. Oncogene 33: 2748-2757.

21. Sauer, J. D., K. Sotelo-Troha, ]J. von Moltke, K. M. Monroe, C. S. Rae,
S. W. Brubaker, M. Hyodo, Y. Hayakawa, J. J. Woodward, D. A. Portnoy, and
R. E. Vance. 2011. The N-ethyl-N-nitrosourea-induced Goldenticket mouse mu-
tant reveals an essential function of Sting in the in vivo interferon response to
Listeria monocytogenes and cyclic dinucleotides. Infect. Immun. 79: 688-694.

22. Zaki, M. H., P. Vogel, R. K. Malireddi, M. Body-Malapel, P. K. Anand, J. Bertin,
D. R. Green, M. Lamkanfi, and T. D. Kanneganti. 2011. The NOD-like receptor
NLRP12 attenuates colon inflammation and tumorigenesis. Cancer Cell 20: 649-660.

23. Hu, B,, E. Elinav, S. Huber, C. J. Booth, T. Strowig, C. Jin, S. C. Eisenbarth, and
R. A. Flavell. 2010. Inflammation-induced tumorigenesis in the colon is regulated
by caspase-1 and NLRC4. Proc. Natl. Acad. Sci. USA 107: 21635-21640.

24. Bollrath, J., T. J. Phesse, V. A. von Burstin, T. Putoczki, M. Bennecke, T. Bateman,
T. Nebelsick, T. Lundgren-May, O. Canli, S. Schwitalla, et al. 2009. gp130-
mediated Stat3 activation in enterocytes regulates cell survival and cell-cycle pro-
gression during colitis-associated tumorigenesis. Cancer Cell 15: 91-102.

25. Grivennikov, S., E. Karin, J. Terzic, D. Mucida, G. Y. Yu, S. Vallabhapurapu,
J. Scheller, S. Rose-John, H. Cheroutre, L. Eckmann, and M. Karin. 2009. IL-6 and
Stat3 are required for survival of intestinal epithelial cells and development of colitis-
associated cancer. Cancer Cell 15: 103-113.

26. Yu, H., D. Pardoll, and R. Jove. 2009. STATs in cancer inflammation and im-
munity: a leading role for STAT3. Nat. Rev. Cancer 9: 798-809.

27. Chandra, D., W. Quispe-Tintaya, A. Jahangir, D. Asafu-Adjei, I. Ramos,
H. O. Sintim, J. Zhou, Y. Hayakawa, D. K. Karaolis, and C. Gravekamp. 2014. STING
Ligand ¢-di-GMP Improves Cancer Vaccination against Metastatic Breast Cancer. Cancer
Immunol. Res. 2: 901-910.

28. Westbrook, A. M., and R. H. Schiestl. 2010. Atm-deficient mice exhibit increased
sensitivity to dextran sulfate sodium-induced colitis characterized by elevated DNA
damage and persistent immune activation. Cancer Res. 70: 1875-1884.

29. Gehrke, N., C. Mertens, T. Zillinger, J. Wenzel, T. Bald, S. Zahn, T. Tiiting,
G. Hartmann, and W. Barchet. 2013. Oxidative damage of DNA confers resistance
to cytosolic nuclease TREX1 degradation and potentiates STING-dependent im-
mune sensing. mmunity 39: 482-495.

G10T ‘17 Joquaydag uo Ayisisarun y3yag e /310 jounwwil mmar//:dny woiy papeojumocg



