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Abstract

Background: How fractionated radiation therapy (RTx) affects biological responses in the tumor 
micro-environment is poorly understood, while better insight could help to improve the anti-
cancer treatment for patients. The aim of the current study was therefore to identify pathways 
involved in the response of tumor cells to fractionated RTx. 
Methods: RNA sequencing analysis was performed on a human colorectal cancer cell line 
(HT29) in vitro, comparing non-irradiated with 10x 2 Gy irradiated cells. A human mRNA gene 
expression array was performed on HT29 xenografts, non-irradiated versus 9x 2 Gy. The mRNA 
expression levels were confirmed with qPCR, and in vitro validated in a human glioblastoma 
cell line (D384). Protein expression was measured with ELISA or western blot. 
Results: For both HT29 cells in vitro and xenografts in vivo, many interferon (IFN) stimulated 
genes were induced by fractionated RTx. Gene ontology analyses revealed that type I IFN 
mediated signaling was most significantly enriched. In vitro analysis demonstrated that the 
IFN-pathway was induced via activation of the STING-pathway, phosphorylating both TBK1 
and IRF3, resulting in enhances expression of IFNβ1 and IFNλ1. 
Conclusion: Fractionated RTx induces a robust type I IFN response in cancer cells without the 
interference of immune cells. This pathway is induced through activation of the STING pathway, 
similar to immune cells. Future research should focus on the clinical significance and potential 
therapeutic application of interfering with this pathway.



145

FR RTx activates type I IFN signaling in cancer cells via STING

8

Introduction

Radiotherapy (RTx) is one of the most effective treatment options for many cancer patients (1;2). 
RTx mainly affects proliferating cells by causing irreparable DNA damage leading to cell cycle 
arrest and cell death (3). Besides these direct effects, RTx triggers several biological responses 
in the tumor microenvironment (TME), such as changes in the vasculature, infiltration of 
immune cells and secretion of growth factors by stromal cells (4-7) (8). Recent reports have also 
linked RTx to an interferon (IFN) response (9-11). Interferons are a part of the innate immune 
response and are normally activated by viruses or microbial products through recognition 
by toll like receptors (TLR) or other DNA-sensing proteins (12-15). There are three subtypes 
of IFN, of which type II (IFNγ) is only excreted by immune cells while type I (including IFN α 
and β) and type III (IFNλ1-3) can be produced by various cell types. The IFNs augment the 
response of multiple immune cells, and enhance leukocyte infiltration thereby increasing the 
adaptive immune response (6). Interferon stimulated genes (ISG) inhibit viral replication, are 
anti-proliferative and also modulate the immune response (16). It was shown that the DNA 
damage induced by irradiation also stimulates the transcription of interferons (IFNs) in different 
immune cells, including dendritic cells and bone marrow derived macrophages (BMDM) 
(9;17;18). This response is mediated through a cytosolic DNA-sensing pathway involving the 
STING (stimulator of interferon genes) signaling pathway (9;17;18). However, the role of this 
pathway in the response of cancer cells to clinically relevant schedules of fractionated low dose 
irradiation is still poorly understood.

Using RNA-sequencing analysis, we demonstrate in the current study that fractionated 
ionizing radiation (IR) induces the expression of multiple ISGs in cancer cells in vitro and in 
vivo. While similar expression patterns after IR have been recognized before (19;20) we now 
demonstrate that in cancer cells a type I IFN response is associated with activation of the 
STING pathway, without the interference of immune cells. These finding suggest an intrinsic 
IFN response in irradiated tumor cells that might be exploited for therapeutic applications.
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Methods

Tissue culture cell lines
Cell lines HT29 (human colorectal carcinoma) and D384 (human glioblastoma) were cultured 
in DMEM + 10% Fetal Calf Serum (FCS) (v/v) + 1% Penicillin/ Streptomycin. Incubation was at 
37ºC, with 5% CO2 in humidified air. 

In vitro ionizing radiation
In vitro cultured cells received the desired dose of γ-radiation using a 60Co source (Gammacell 
200; Atomic Energy of Canada, Mississauga, Ontario, Canada) or a 137Cs-laboratory irradiator 
(IBL 637, CIS bio International). Medium was refreshed every week. At the end of each treatment 
week, cells were harvested and supernatant was collected. 

Clonogenic survival assay
After irradiation, cells were seeded in 25 cm2 tissue culture flasks and incubated as described 
above. The amount of seeded cells depended on the estimated survival. After an incubation 
of 10 days, the developed cell colonies were fixed with 100% ethanol and stained with 5% 
Giemsa solution (Merck). Colonies containing 50 cells or more were counted and considered 
as cells with unaffected clonogenic capacity. The plating efficacy (PE) was calculated as PE = (# 
of colonies formed/ # of cells seeded) × 100%. 

In vivo experiment 
Mice were housed at the Radiation Research Institute, Churchill hospital, Oxford, UK. All 
procedures were carried out under a Home Office license. Five million HT29 cells were mixed 
in 100ul of 1:1 serum-free DMEM medium and Matrigel (Corning) before subcutaneous 
inoculation in 6- to 7-week-old female BALB/c nude mice. Tumor growth was monitored 
3 times per week measuring the length (L), width (W), and height (H) of each tumor with 
calipers. Volumes were calculated from the formula 1/6*∏*L*W*H. When the tumors reached 
an average volume of 80 mm3 the mice received 5x 2Gy IR per week from Monday till Friday, 
for a maximum of 3 weeks. Control mice did not receive IR. For each treatment group, the 
final fraction was omitted, in order to not exceed the amount of allowed injections per day. 
Twenty-four hours after the last fraction, mice were sacrificed and the tumor was isolated. 
Mice were sacrificed by i.v. pentobarbital injections. Tumors were harvested and snap frozen 
for further analysis. 

In vivo irradiation
Mice were irradiated using Xstrahl RS320 X-Ray irradiator (Xstrahl Ltd. UK). Mice first received100 
µL i.p. anesthetics 1:1:8 hypnorm: hypnovel: sterile water and were then led-shielded, so that 
only the tumor was exposed to irradiation. 
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RNA extraction and qPCR 
For RNA isolation from the mouse xenografts and the in vitro cultured cells for the 
sequencing analysis, the mirVANA kit (Life technologies) was used, excluding the purifying 
miRNA step. For the Isolation of RNA from the other cultured cells the RNeasy kit (QIAgen) 
was used. The final RNA concentration was determined using the Nanodrop ND-1000. 
Subsequent reverse transcription was performed using 1 µg RNA, with the iScript kit 
(Biorad) following the manufacturers protocol. The resulting cDNA was used for the qPCR 
reaction, using the SYBR green supermix (Biorad) with a total samples volume of 25ul. For 
reference, the primers for β-actin (F: TTCCTATGTGGGCGACGAG R: TCCTCGGGAGCCACACG), 
HPRT (F: TGCTGAGGATTTGGAAAGG R: TCACATCTCGAGCAAGACGT) and cyclo-A (F: 
AGCATGTGGTGTTTGGCAAA R: TCGAGTTGTCCACAGTCAGC) were used. For other primer 
sequences see Table 1. Validation had demonstrated that the human interferon (IFN) primers 
did not interfere with mouse IFN. With the CFX96 (biorad) the following cycling conditions 
were used: 95ºC for 5 min, followed by 95ºC for 10 sec and 60ºC for 30 seconds for 40 cycles. 

Gene (human)
Forward/ 
reverse Primer sequence

DDX60 F GTTTCTTGGAAGAGAGTTACCC
R GACCTTCCTTGCCCAAGAATG

IFI6v2 F CAGGTGAGAATGCGGGTAAG
R ATCGCAGACCAGCTCATCAG

IFI44 F ACAGATGTTGTAATCAAGGGCC
R GGTGTACATAGTCCTAGTTTCC

UBE2L6v2 F CGTCTCCGCACAAAGACC
UBE2L6 pan R GCAGGTTGAAGGCTTTCAGG
HERC6 F ACAAAGCTAACTGTCGACTACC

R ACTGAAAATAACAGGACTGGG
INF alpha pan F CACAAATGRGMGAATCTCTC

R ARGTCATTCAKYTGCTGG
IFN lambda 1 F CGCCTTGGAAGAGTCACTCA

R GAAGCCTCAGGTCCCAATTC
IFIT2 F CAATAGCAAGCTACCGTC

R GAACATCTGTTACACCTGG
MX1 F CCATATTTCAGGGATCTGC

R GCTCCTCTGTTATTCTCTG
MX2 F AGTATCGAGGCAAGGAGC

R ACGTTAATGAAAGCTTGCTG
OAS2 F GACAACTTTGACATTGCTG

R AACTGGATCCAAGATTACTG
OAS3 F GGTCAACTATAGCACTGAG

R GATGTCCCGTCTCTACTC

Table 1. Primer sequences.
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Sequencing and analysis
Approximately 1 µg total RNA was normalised and enriched using the NEBNext PolyA mRNA 
Magnetic Isolation Module (New England Biolabs) with a final elution in 18µL, to feed into 
the NEBNext mRNA Library Prep Master Mix Set for Illumina (New England Biolabs) with 
the following modifications: post fragmentation purification was a RNA Clean Ampure XP 
(Agencourt) magnetic bead clean-up (2.8x volume) with 3x 80% ethanol washes and a final 
elution in 15 µL buffer EB (QIAGEN). The first strand reverse transcription was conducted 
following protocol, but with the addition of Actinomycin D (0.05 µg/µl final concentration). The 
second strand reverse transcription followed the E7490 protocol, but the reaction buffer was 
replaced with NEBNext® Second Strand Synthesis (dNTP-free) Reaction Buffer (New England 
Biolabs) and a dNTP mix containing A,C,G,U at 0.3 mM for each final concentration. Double 
strand cDNA purification was done using Ampure XP magnetic bead clean-up (1.2x volume). 
End repair, A-tailing and adapter ligation were conducted following protocol with 1.8x volume 
Ampure XP clean-ups between steps. The PCR amplification was performed following protocol 
with 2 µL H2O being replaced with 2 µL USER enzyme and the Phusion polymerase being added 
after a 37 ºC incubation for 30 minutes. A subsequent 12 cycles of PCR was performed using 
custom PCR primers (21). Post-PCR libraries were quantified with Picogreen (Invitrogen) and 
size range determined using the Tapestation D1K (Agilent). Libraries were pooled equimolarly 
with a final quantification by qPCR before sequencing.

Microarray gene expression and data analysis
High-density oligonucleotide Expression BeadChips (Human HT12_V4, Illumina) were used for 
whole Genome-Wide gene expression profiling, for 3 to 4 biological replicates. In brief, 500 ng 
of total RNAs were reverse transcribed to synthesize first- and second- strand cDNA, purified 
and in vitro transcribed to synthesize biotin-labeled cRNA using the Illumina TotalPrep-96 RNA 
Amplification Kit (Ambion). A total of 1500 ng of biotin-labeled cRNA was then hybridized to 
the BeadChips at 55 ºC for 18 hours. The hybridized BeadChip was washed and stained with 
streptavidin-Cy3 according to the manufacture protocols using Illumina whole-genome gene 
expression direct hybridization assay (Illumina). GenomeStudio Data Analysis Software was 
used to visualize and analyse images generated. The Illumina microarrays were pre-processed 
using R package LIMMA (v3.16.8). Briefly, background correction was performed using negative 
controls, followed by quantile normalization and log2 transformation. Any probes whereby 
all samples had detection p-value ≥ 0.05 were regarded as not-expressed and subsequently 
removed from the dataset. Paired analysis was performed, as at least 3 matched samples were 
available in each group. Gene ontology enrichment analyses of differentially expressed genes 
were conducted using R package GOstats (v2.26.0). All visualizations and statistical analyses 
were performed in R statistical environment (v3.0.1). 

ELISA
Enzyme-linked immunosorbent assays for human IFN lambda 1 and IFN beta were performed 
according to the manufacturer’s instructions (R&D systems). Expression levels were normalized 



149

FR RTx activates type I IFN signaling in cancer cells via STING

8

to the number of cells for the in vitro experiment, and to the total protein level for the tumor 
xenografts.

Western blot
Cells were harvested and total protein was extracted using 1x RIPA lysis buffer (9806, Cell 
Signaling). The protease & phosphatase inhibitor cocktail (1:100, thermo Scientific) and DNase 
1 (Qiagen) were added and protein concentrations were determined using a BCA protein assay 
kit (thermo scientific) and measured with a Tecan plate reader at 540 nM. Equal amounts of 
protein were loaded on a 10% or 15% (γH2aX) SDS-polyacrylamide gel. The protein was then 
transferred on nitrocellulose paper with electrophoresis at 4 ºC at 100V. Next the membrane 
was blocked (Rockland blocking buffer) and incubated with the first antibody over night at 4 
ºC. After washing the membrane, the 2nd antibody was applied for 1h at room temperature. 
The primary antibodies used were TBK1 (3504S), pTBK1 (5483S), IRF3 (7947S), γH2aX (9718S) 
(1:1000, Cell Signaling). The secondary rabbit antibody directly labeled with IRDye was used 
for TBK1 pTBK1 and γH2aX (926-32211, Licor). For IRF3 a biotinylated rabbit antibody (E0432, 
DAKO) and IRDye labeled streptavidin (926-32230, Licor) was used. The blots were scanned 
with the Odyssey and expression was quantified using the software of the Odyssey (LI-COR). 

Statistical analysis
The difference in mRNA and protein expression levels for the in vitro irradiated cancer cells 
lines were tested for statistical significance with the non-parametrical Mann-Whitney U test. 
For the difference in expression levels for the HT29 xenografts, a 2-tailed Student’s t-test was 
used. If p<0.05, this was considered as statistically significant.
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Results

Fractionated irradiation induces a type I interferon response in cancer cells.
We aimed to identify key pathways involved in the response to fractionated RTx. To that end, 
gene expression profiles of human colorectal adenocarcinoma cells (HT29) were obtained 
by RNA deep-sequencing analysis. Comparing the expression in cells that received 10x 2Gy 
with non-irradiated cells identified 617 genes with enhanced expression and 589 genes with 
reduced expression (adjusted p-value ≤ 0.05) (Figure 1A and Supplementary Tables 1 and 2). 
Gene ontology analysis revealed the ‘type 1 IFN-mediated signaling pathway’ (GO: 0060337) as 
the most significantly enriched biological process (adjusted p-value < 0.0001) (Supplementary 
Table 3). Indeed, many ISGs demonstrated enhanced expression after 2 weeks of fractionated 
irradiation (Table 2), which was confirmed by qPCR (Figure 1B). 

Log(2) fold change
Gene Rank Locus exp 1 exp2 exp3

IFI6 2 chr1:27992571-27998729 6.51 5.21 5.93

IFI27 5 chr14:94571181-94583033 4.88 3.17 4.08

IFITM3 22 chr11:319668-321340 3.23 2.63 3.45

IFI44 28 chr1:79115480-79129763 4.12 2.84 2.12

GAS6 86 chr13:114518602-114567046 2.84 2.02 2.14

IL29 110 chr19:39786964-39789312 2.67 2.34 1.41

IRF1 245 chr5:131817300-131826490 1.66 2.10 1.25

IFIT1 523 chr10:90973325-91180758 1.50 1.13 1.18

Table 2. Expression of IFN stimulated genes.

To get more insight in the dynamics of IFN mediated signaling, a time course experiment 
was conducted that consisted of daily fractions of 2 Gy, 5 days per week, up to 5 weeks. 
After each week, cells were harvested and the expression levels of ISGs were determined by 
qPCR. Clonogenic survival analysis revealed a log-linear decline in clonogenic survival up to 
two weeks of fractionated RTx after which a steady-state phase was reached up to 6 weeks 
of treatment (Figure 1C). Subsequent gene expression analysis showed a slight induction for 
most genes after 5 fractions while a peak expression was observed after 2 or 3 weeks of FR IR. 
Longer fractionation resulted in a decrease of the expression levels, but they always remained 
above the basal level in non-irradiated cells (Figure 2). Similar observations were made using 
a human glioblastoma cell line (D384, Supplementary Figure S1). Of note, a dose-dependent 
increase of ISGs was also observed after single dose IR in HT29 cells but the induction was 
usually 10-fold lower compared to FR IR (Supplementary Figure S2). Altogether, these data 
indicate that fractionated irradiation activates type 1 IFN signaling in cancer cells.
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Figure 1. Fractionated irradiation of HT29 cells in vitro. A) Heat map for top 50 up-regulated genes (L) and 
down-regulated genes (R) in mRNA sequencing analysis for 10x 2 Gy versus non-irradiated HT29 cells. EXP 
= experiment. B) mRNA expression of interferon stimulated genes (ISG) in HT29 cells, quantified with qPCR. 
N=3-4. *p-value<0.05. C) Clonogenic survival during fractionated irradiation with 5 fractions of 2 Gy per week.
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Activation of type I type III IFNs involves activation of the STING signaling cascade.
It has previously been described in immune cells that IR activates transcription of type I and III 
IFNs via the STING (stimulator of IFN genes) signaling pathway (9;17;18). To investigate whether 
a similar signal transduction induced the observed type I IFN response in cancer cells we 
determined STING mRNA expression levels during fractionated irradiation. An approximately 
2.5-fold increase in expression of STING after FR IR in HT29 cells was identified (Figure 3A) and 
a 6-fold increase of STING expression in D384 cells (Supplementary Figure S3). STING is known 
to induce phosphorylation of TANK binding kinase 1 (TBK1), which in turn phosphorylates the 
transcription factor IFN regulatory factor 3 (IRF3) (9;17;22). We indeed observed enhanced 
TBK1 phosphorylation within 30 minutes after 4 Gy IR which diminished again after 8 hours 
(Figure 3B). Enhanced IRF3 phosphorylation became apparent 1-2 hours after 4 Gy irradiation 
(IR) (Figure 3B). Of note, induction of DNA damage by IR was confirmed by analysis of γH2AX 
protein levels, which were induced within 10 minutes after 4 Gy IR (Figure 3B). 

 Activation of IRF3 by phosphorylation results in enhanced transcription of type I and III 
IFNs. We observed a 2-6 fold increase in IFNβ1 and IFNλ1 mRNA expression, with an consistent 
time dependent increase starting 8 hours after 4 Gy IR (Figure 3C). Moreover, a more potent 
increase of IFNβ1 and IFNλ1 mRNA expression was observed during fractionated irradiation 
(Figure 3D and 3E). 

Measuring the secreted protein expression with ELISA revealed a 25-fold increase in 
IFNβ secretion and an almost 2000-fold increase in IFNλ1 protein secretion (Figure 3F). The 
expression levels of IFNα were below the detection range in both non-irradiated cells and 
after FR IR (data not shown). In non-irradiated D384 glioblastoma cells, neither IFNα nor IFNβ1 
mRNA could be detected. However, IFNβ1 mRNA expression became detectable during FR 
IR. Likewise, the transcription of IFNλ1 was induced (Supplementary Figure S3). Altogether, 
these data indicate that FR IR induces STING signaling in cancer cells resulting in a type I IFN 
response through enhanced expression of IFNβ1 and IFNλ1. 

Figure 2. mRNA expression of interferon stimulated genes (ISG) in HT29 cells in vitro. Cells were either non-
irradiated or received 5x 2 Gy per week up to 5 weeks.  N=3-4. Displayed as average + S.E.M. *p-value<0.05.



153

FR RTx activates type I IFN signaling in cancer cells via STING

8
Figure 3. STING pathway and interferon (IFN) expression in HT29 cells in vitro. A) Fold change of STING 
mRNA expression after 10x 2 Gy. B) Time course for protein expression analysis of downstream targets of 
STING (TBK1 and IRF3) and γH2AX (marker for DNA damage) after single dose 4 Gy IR. For quantification the 
protein expression was normalized to total TBK. C) Time course for mRNA fold changes of IFNβ1 and IFNλ1 
after single dose 4 Gy IR. D) mRNA fold changes of IFNβ1 for non-irradiated cells (no IR) versus 10x 2 Gy.
E) Similar as (D) for IFNλ1. F) Levels of secreted IFNβ and IFNλ1 protein for no IR versus 10x 2 Gy. Protein secre-
tion was normalized to cell number. N=3-4. Displayed as average + S.E.M. *p-value<0.05.
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Induction of type 1 IFN response during fractionated irradiation in vivo.
To investigate whether the intrinsic activation of the IFN type 1 pathway also occurs in vivo, 
subcutaneously grafted HT29 tumors were treated with 5 fractions of 2 Gy weekly for 2 
weeks. The growth of irradiated tumors showed a clear delay after two weeks of treatment as 
compared to untreated tumors (Figure 4A). Subsequently, microarray analyses were performed 
to compare the gene expression in irradiated and non-irradiated tumor tissues. A total of 21 
differentially expressed genes were identified in irradiated vs. non-irradiation tumor tissue with 
a log2-fold change ≥ 1 and an adjusted p-value ≤ 0.05. Of these 21 genes, 3 showed decreased 
expression and 18 showed increased expression (Figure 4B, Supplementary Table 4). In line 
with the in vitro data, most induced genes were known to be IFN-regulated. Gene ontology 
analysis again identified the ‘type 1 IFN-mediated signaling pathway’ as the most significantly 
enriched biological process (p-value <0.0001, expected count 1.15, count 18/61). In addition, 
many other biological processes related to type I IFN were identified (Supplementary Table 5). 
The induction of a selection of IFN-regulated genes was confirmed by qPCR (Figure 4C). To get 
insight in expression levels over time, we also analyzed expression in tumors receiving 4x or 14x 
2 Gy. Although the peak expression again appeared to be after 2 weeks of FR IR, the differences 
between the groups were smaller than those in the in vitro analyses (Supplementary Figure 
S4).

 Finally, we explored whether the induction of IFN-related genes in HT29 xenografts was 
also related to an intrinsic IFN response of the cancer cells to the RTx. Again enhanced expression 
was observed for human STING mRNA after 2 weeks of FR IR (Figure 5A). Interestingly, the 
mRNA levels of human IFNβ1 and IFNλ1 were not enhanced in these tumors (Figure 5B and 
5C). However, basal mRNA expression of these IFNs in the HT29 xenograft tumors was already 
significantly higher as compared to HT29 cells in vitro (data not shown). In addition, also 
the basal protein levels of IFNβ were higher than in vitro (data not shown) and no enhanced 
expression was observed after FR IR (Figure 5E). This was in contrast to IFNλ1 protein, which 
was not detected in non-irradiated tumors but became detectable after 2 weeks of FR IR 
(Figure 5F). Taken together, these data suggest that the cancer cells in a tumor xenograft can 
intrinsically activate the IFN type 1 pathway in response to fractionated irradiation. 
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Figure 4. Subcutaneously grafted HT29 tumors in balb/c nude mice treated with 9 fractions of 2 Gy in 2 
weeks. A) Growth curves of tumors. B) Heatmap of human mRNA expression after gene expression array for 
HT29 xenografts. For all displayed genes: log(2) fold change >1 and adjusted p-value <0.05. C) mRNA expres-
sion of human ISGs in HT29 xenografts. N=4-5. Displayed as average + S.E.M. *p-value<0.05, ** p-value<0.01.

Figure 5. Human STING and IFN expression in HT29 xenografts. A) Fold change of STING mRNA expression 
after 9x 2 Gy. B) mRNA expression of IFNβ1 for no IR versus 9x 2 Gy xenografts. C) similar as (B), but now for 
IFNλ1. D) Protein expression levels for IFNβ for no IR versus 10x 2 Gy. Protein secretion was calculated per mg 
protein. E) Similar as (D), but now for IFNλ1. N=4-5. Displayed as average + S.E.M. *p-value<0.05, ND = not 
detectable.
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Discussion

In this study we demonstrate that fractionated (FR) ionizing radiation (IR) induces a type I 
IFN response in cancer cells. This is mediated via the STING pathway leading to enhanced 
transcription and secretion of type 1 and type III IFN, and subsequently IFN stimulated 
genes (ISG). The STING protein has been identified in 2008 as an important facilitator of the 
innate immune system (18). It consists of 5 transmembrane regions and is mainly present in 
the endoplasmatic reticulum. When binding to cGAS (cyclic GMP-AMP (cGAMP) synthase), 
STING aggregates and in turn activates TBK1. Phosphorylated TBK1 then phosphorylates 
the transcription factor IRF3, inducing the expression of type I IFNs, mainly IFNβ (18;23). The 
IFN response is a part of the innate immune system and is normally activated after microbial 
stimulation, which makes STING-/- mice more prone to viral infections (18). Several studies have 
demonstrated that the STING pathway can also be activated via cytosolic self-DNA fragments. 
For example, tumor cell DNA was detected within host antigen-presenting cells leading to 
STING pathway activation and type I IFN production (24). In addition, it has been described 
that RTx induced DNA-damage activates cGAS though cell-cell contact with neighboring 
immune cells (i.e. dendritic cells or BMDM) giving rise to a type I IFN response via the STING 
pathway (9;17). To our knowledge, we are the first to describe that activation of this pathway 
also intrinsically occurs in cancer cells resulting in a type I IFN response. 

Our results demonstrate a higher basal expression of the IFNs in the cancer cells in 
vivo compared to in vitro. This is probably due to the continuous process of cell proliferation 
and apoptosis, and stress of free radicals leading to endogenous DNA fragments. Also other 
sources, such as mitochondrial DNA could contribute to the activation of the STING pathway 
(25). Furthermore, infiltrating immune cells as well as stromal cells produce IFNs that might 
activate an IFN response in the cancer cells. 

The largest enhancement in expression was observed for the type III interferon lambda 
1. Thus far, only one study linked the induction of IFNλ1 to the STING pathway. IFNλ1 binds 
to a different receptor (IFN-LR1/IL-10R2) than type I IFNs (IFNAR1/IFNAR2) but exerts similar 
actions regarding transcription of ISGs and viral responses (26). This may explains why gene 
ontology analysis revealed enrichment of the type I IFN mediated signaling. 

Several studies report that activation of the STING pathway and the downstream IFN 
response benefits anti-cancer treatment. In an in vivo study, the efficacy of the IR was dependent 
on the induction of a type I IFN response (10). It has also been described that chemotherapy 
induced IFN response contributed to the anti-tumor efficacy (27). In another study, tumor 
growth was enhanced in STING- or IRF3-deficient mice, which was related to the lack of an 
IFN response (24). In addition, a STING agonist cancer vaccine increased the activation of both 
dendritic cells and tumor antigen-specific CD8+T-cells and demonstrated anti-tumor efficacy 
in vivo (28). 

On the other hand, it has been demonstrated that high expression of ISGs and STAT1 
(signal transducer and activator of transcription 1) in tumor cells is an indicator of radioresistance 
and a predictor of poor patient survival (11;20;29;30). After binding of IFN to its receptor, 
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STAT1 and STAT2 are phosphorylated and bind to the transcription factor IRF9 which results 
in transcription of ISG. In a xenograft tumor model it was demonstrated that radioresistant 
cancer cells expressed high levels of numerous ISGs, including STAT1 (31). Enhanced expression 
of STAT1 has now been reported for multiple radiation resistant cancer cell lines (19;29). 
Moreover, both STING as well as IFNβ are known to activate NF-κB (18) which can protect 
cells from apoptotic stimuli (32;33) thereby improving cell survival. Based on all these findings 
together with our current results we propose that activation of the STING signaling pathway 
by irradiation improves both the anti-tumor immune response as well as cancer cell survival. 
Whether our observations relate to a pro- or anti-tumor effect will depend on the balance 
between the immune effects and whether there are direct survival effects (Figure 6).

Taken together, we have demonstrated that fractionated irradiation induces a type I 
IFN response in cancer cells via the STING signaling pathway, similar as observed in immune 
cells. While the IFN induction can enhance the anti-tumor immune response, it can also lead 
to decreased radiosensitivity and improved survival of cancer cells. Future research should 
focus on the clinical significance and potential therapeutic application of interfering with this 
pathway.

Figure 6. Schematic overview of differential effect of STING pathway activation in dendritic cells and cancer 
cells after IR induced cancer cell apoptosis. 
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Supplementary information

Supplementary Figure S1. mRNA expression of interferon stimulated genes (ISG) in D384 cells in vitro. Cells 
were either non-irradiated or received 5x 2 Gy per week up to 6 weeks.  N=2-3. Displayed as average + S.E.M.

Supplementary Figure S2. mRNA expression of interferon stimulated genes in HT29 cells in vitro. Cells were 
either non-irradiated or received a single dose of 2-10 Gy.  N=3. Displayed as average + S.E.M. *p-value<0.05.
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Supplementary Figure S3. STING and IFN expression in D384 cells in vitro. A) Fold change of STING mRNA 
expression for no IR versus 10x 2 Gy. B) mRNA expression of IFNβ1 for no IR versus 10x 2 Gy. C) Similar as (B) 
for IFNλ1. Displayed as average + S.E.M. N=2-3. 

Supplementary Figure S4. mRNA expression of interferon stimulated genes in HT29 xenografts. N=4-5. 
Displayed as average + S.E.M. *p-value<0.05 compared to 0x 1 week. #p-value<0.05 or ##p-value<0.01 com-
pared to 0x 2 weeks. 
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Log(2) fold change
ID Name Symbol exp 

1
exp 
2

exp 
3

ENSG00000259974 long intergenic non-protein coding RNA 261 LINC00261 -5.1 -5.0 -4.7
ENSG00000106331 paired box 4 PAX4 -3.1 -4.0 -4.2
ENSG00000134240 3-hydroxy-3-methylglutaryl-CoA synthase 2 (mitochondrial) HMGCS2 -5.0 -3.3 -2.6
ENSG00000126262 free fatty acid receptor 2 FFAR2 -3.1 -3.5 -3.3
ENSG00000186474 kallikrein-related peptidase 12 KLK12 -3.5 -3.0 -3.5
ENSG00000090920 Fc fragment of IgG binding protein FCGBP -3.9 -3.3 -2.9
ENSG00000049192 ADAM metallopeptidase with thrombospondin type 1 motif, 6 ADAMTS6 -3.8 -3.3 -2.7
ENSG00000144354 cell division cycle associated 7 CDCA7 -3.2 -3.2 -3.3
ENSG00000172238 atonal homolog 1 (Drosophila) ATOH1 -3.1 NA -3.2
ENSG00000122859 neurogenin 3 NEUROG3 NA -2.8 -3.5
ENSG00000169507 solute carrier family 38, member 11 SLC38A11 -4.2 -2.9 -2.4
ENSG00000007952 NADPH oxidase 1 NOX1 -4.2 -2.9 -2.1
ENSG00000184564 SLIT and NTRK-like family, member 6 SLITRK6 -3.0 -3.4 -1.8
ENSG00000134193 regenerating islet-derived family, member 4 REG4 -6.3 -3.1 -0.7
ENSG00000104537 annexin A13 ANXA13 -3.1 -2.6 -2.6
ENSG00000188175 HEPACAM family member 2 HEPACAM2 -2.2 -2.7 -3.0
ENSG00000176024 zinc finger protein 613 ZNF613 -1.7 -3.3 -2.3
ENSG00000003989 solute carrier family 7, member 2 SLC7A2 -3.4 -1.7 -2.6
ENSG00000180745 clarin 3 CLRN3 -3.3 -2.8 -1.7
ENSG00000144485 hes family bHLH transcription factor 6 HES6 -2.0 -2.2 -3.0
ENSG00000101311 fermitin family member 1 FERMT1 -2.4 -2.6 -2.1

ENSG00000106003 LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyl-
transferase LFNG -2.7 -2.5 -1.9

ENSG00000198719 delta-like 1 (Drosophila) DLL1 -2.2 -2.7 -2.0
ENSG00000155792 DEP domain containing MTOR-interacting protein DEPTOR -3.0 -2.4 -1.8
ENSG00000232931 long intergenic non-protein coding RNA 342 LINC00342 -0.9 -3.1 -2.9
ENSG00000118513 v-myb avian myeloblastosis viral oncogene homolog MYB -2.8 -2.2 -2.0
ENSG00000173546 chondroitin sulfate proteoglycan 4 CSPG4 -3.4 -2.1 -1.6
ENSG00000114248 leucine rich repeat containing 31 LRRC31 -2.6 -1.9 -2.2
ENSG00000168874 atonal homolog 8 (Drosophila) ATOH8 -2.0 -2.7 -2.0
ENSG00000249267 long intergenic non-protein coding RNA 939 RP5-916L7.1 -1.6 -2.9 -2.1
ENSG00000121966 chemokine (C-X-C motif) receptor 4 CXCR4 -2.9 -1.9 -2.0
ENSG00000169218 R-spondin 1 RSPO1 -2.3 -4.0 -0.4
ENSG00000144579 CTD (RNA polymerase II, polypeptide A) small phosphatase 1 CTDSP1 -1.6 -3.1 -1.9
ENSG00000215478 carboxylesterase 5A pseudogene 1 CES5AP1 -4.0 -1.9 -1.2
ENSG00000163501 indian hedgehog IHH -3.4 -3.2 -0.5
ENSG00000197408 cytochrome P450, family 2, subfamily B, polypeptide 6 CYP2B6 -3.6 -1.5 -1.7
ENSG00000265150 RNA, 7SL, cytoplasmic 2 RN7SL2 -4.0 -0.1 -2.5
ENSG00000157399 arylsulfatase E (chondrodysplasia punctata 1) ARSE -2.9 -2.2 -1.6
ENSG00000243766 HOXA distal transcript antisense RNA HOTTIP -2.5 -2.0 -1.9
ENSG00000157388 calcium channel, voltage-dependent, L type, alpha 1D subunit CACNA1D -2.2 -1.6 -2.4
ENSG00000214290 colorectal cancer associated 2 C11orf93 -4.5 -1.6 -1.0
ENSG00000196659 tetratricopeptide repeat domain 30B TTC30B -1.2 -2.9 -2.1
ENSG00000172086 lysine-rich coiled-coil 1 KRCC1 -1.4 -2.9 -1.9
ENSG00000124766 SRY (sex determining region Y)-box 4 SOX4 -1.6 -1.9 -2.6
ENSG00000165092 aldehyde dehydrogenase 1 family, member A1 ALDH1A1 -4.2 -1.6 -0.9
ENSG00000128000 zinc finger protein 780B ZNF780B -1.3 -2.4 -2.4
ENSG00000198835 gap junction protein, gamma 2 GJC2 -2.4 -2.5 -1.4

Supplementary Table 1. RNA-sequencing of non-irradiated versus 10x 2 Gy HT29 cells in vitro. List of top 50 down-regulated 
genes in HT29 cells in vitro after 10x 2 Gy, compared to non-irradiated cells. Average change in expression displayed as log(2) fold 
change . ID = gene ID. N=3, adjusted p-value <0.05. 
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Log(2) fold change
ID Name Symbol exp 

1
exp 
2

exp 
3

ENSG00000140465 cytochrome P450, family 1, subfamily A, polypeptide 1 CYP1A1 5.4 5.5 6.2
ENSG00000126709 interferon, alpha-inducible protein 6 IFI6 6.0 4.8 5.7
ENSG00000163121 neuralized E3 ubiquitin protein ligase 3 NEURL3 4.3 5.0 4.0
ENSG00000138166 dual specificity phosphatase 5 DUSP5 4.9 4.5 3.2
ENSG00000173110 heat shock 70kDa protein 6 (HSP70B') HSPA6 7.9 2.9 2.5
ENSG00000197279 zinc finger protein 165 ZNF165 4.2 3.0 4.3
ENSG00000165949 interferon, alpha-inducible protein 27 IFI27 4.5 2.8 3.7
ENSG00000234745 major histocompatibility complex, class I, B HLA-B 3.3 4.7 2.5
ENSG00000023445 baculoviral IAP repeat containing 3 BIRC3 3.7 3.3 3.1
ENSG00000086548 carcinoembryonic antigen-related cell adhesion molecule 6 CEACAM6 1.6 2.3 8.5
ENSG00000124216 snail family zinc finger 1 SNAI1 5.2 2.8 2.1
ENSG00000112972 3-hydroxy-3-methylglutaryl-CoA synthase 1 (soluble) HMGCS1 2.1 4.0 3.9
ENSG00000052802 methylsterol monooxygenase 1 MSMO1 1.4 4.6 4.3
ENSG00000124102 peptidase inhibitor 3, skin-derived PI3 2.0 2.4 6.3
ENSG00000099860 growth arrest and DNA-damage-inducible, beta GADD45B 3.8 3.3 2.5
ENSG00000163286 alkaline phosphatase, placental-like 2 ALPPL2 2.3 2.9 4.9
ENSG00000137673 matrix metallopeptidase 7 MMP7 3.9 0.4 6.4
ENSG00000075618 fascin homolog 1, actin-bundling protein FSCN1 3.7 2.2 3.6
ENSG00000163659 TCDD-inducible poly(ADP-ribose) polymerase TIPARP 2.8 3.6 2.5
ENSG00000134107 basic helix-loop-helix family, member e40 BHLHE40 1.9 4.1 2.9
ENSG00000125148 metallothionein 2A MT2A 3.4 3.9 1.6
ENSG00000142089 interferon induced transmembrane protein 3 IFITM3 3.3 2.7 3.4
ENSG00000130203 apolipoprotein E APOE 3.0 2.4 3.9
ENSG00000125657 tumor necrosis factor (ligand) superfamily, member 9 TNFSF9 3.4 3.5 1.7
ENSG00000156587 ubiquitin-conjugating enzyme E2L 6 UBE2L6 3.4 3.2 2.1
ENSG00000148926 adrenomedullin ADM 3.3 3.1 2.3
ENSG00000177469 polymerase I and transcript release factor PTRF 4.2 1.7 3.5
ENSG00000232810 tumor necrosis factor TNF 3.6 2.6 2.7
ENSG00000197406 deiodinase, iodothyronine, type III DIO3 2.8 3.1
ENSG00000166831 RNA binding protein with multiple splicing 2 RBPMS2 2.7 3.3 2.3
ENSG00000196352 CD55 molecule, decay accelerating factor for complement  CD55 1.3 3.8 3.6
ENSG00000100867 dehydrogenase/reductase (SDR family) member 2 DHRS2 3.1 1.6 4.5
ENSG00000171401 keratin 13 KRT13 2.9 1.6 4.8

ENSG00000185022 v-maf avian musculoaponeurotic fibrosarcoma oncogene 
homolog F MAFF 3.7 3.3 1.3

ENSG00000204388 heat shock 70kDa protein 1B HSPA1B 2.9 2.5 3.2
ENSG00000105388 carcinoembryonic antigen-related cell adhesion molecule 5 CEACAM5 1.4 2.1 6.2

ENSG00000204103 v-maf avian musculoaponeurotic fibrosarcoma oncogene 
homolog B MAFB 4.8 1.7 2.4

ENSG00000179750 Phorbolin-1-Related Protein APOBEC3B 2.9 2.0 3.7
ENSG00000184292 Tumor-Associated Calcium Signal Transducer 2 TACSTD2 2.3 2.2 4.0
ENSG00000186480 insulin induced gene 1 INSIG1 1.1 4.1 3.2
ENSG00000142227 epithelial membrane protein 3 EMP3 3.2 1.9 3.5
ENSG00000035862 TIMP Metallopeptidase Inhibitor 2 TIMP2 1.7 2.9 3.7
ENSG00000204389 heat shock 70kDa protein 1A HSPA1A 2.8 2.1 3.4
ENSG00000189325 chromosome 6 open reading frame 222 C6orf222 3.1 2.3 2.8
ENSG00000172602 Rho Family GTPase 1 RND1 4.3 2.0 1.9
ENSG00000137965 interferon-induced protein 44 IFI44 3.7 2.5 1.8
ENSG00000167779 Insulin-Like Growth Factor Binding Protein 6 IGFBP6 1.6 1.8 6.1

Supplementary table 2. RNA-sequencing of non-irradiated versus 10x 2 Gy HT29 cells in vitro. List of top 50 up-regulated genes 
in HT29 cells in vitro after 10x 2 Gy, compared to non-irradiated cells. Change in expression displayed as log(2) fold change . ID = 
gene ID. N=3, adjusted p-value <0.05. 
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GO Term Count Size
0060337 type I interferon-mediated signaling pathway 19 75
0019221 cytokine-mediated signaling pathway 23 181
0009615 response to virus 18 144
0006955 immune response 27 382
0007267 cell-cell signaling 20 242
0007165 signal transduction 41 1176
0060333 interferon-gamma-mediated signaling pathway 11 82
0043066 negative regulation of apoptotic process 17 272
0008285 negative regulation of cell proliferation 19 341
0006334 nucleosome assembly 11 102
0006950 response to stress 13 155
0006916 anti-apoptosis 14 200
0008283 cell proliferation 17 312
0001666 response to hypoxia 13 175
0006986 response to unfolded protein 8 51
0007155 cell adhesion 23 556
0001525 angiogenesis 12 160
0030335 positive regulation of cell migration 10 105
0007568 aging 10 114
0006935 chemotaxis 10 126
0042493 response to drug 15 301
0045087 innate immune response 15 309
0019882 antigen processing and presentation 7 54
0006915 apoptotic process 21 594
0014070 response to organic cyclic compound 9 112
0051085 chaperone mediated protein folding requiring cofactor 4 11
0006952 defense response 7 67
0006508 proteolysis 19 543
0045672 positive regulation of osteoclast differentiation 4 14
0006914 autophagy 6 48
0007596 blood coagulation 17 457
0015992 proton transport 6 50
0032480 negative regulation of type I interferon production 5 30
0033572 transferrin transport 5 30
0044419 interspecies interaction between organisms 14 328
0032020 ISG15-protein conjugation 3 6
0042117 monocyte activation 3 6
0009308 amine metabolic process 3 6
0030199 collagen fibril organization 5 32
0015991 ATP hydrolysis coupled proton transport 5 32
0008633 activation of pro-apoptotic gene products 5 32
0045071 negative regulation of viral genome replication 4 16
0000079 regulation of cyclin-dependent protein kinase activity 6 55
0030308 negative regulation of cell growth 8 113
0010718 positive regulation of epithelial to mesenchymal transition 4 18
0060317 cardiac epithelial to mesenchymal transition 3 7
0032727 positive regulation of interferon-alpha production 3 7
0050714 positive regulation of protein secretion 4 19
0008219 cell death 9 156

Supplementary table 3. Top 50 most enriched gene ontology processes in non-irradiated versus 10x 2 Gy 
HT29 cells in vitro. GO= gene ontology, count = number of induced genes in the sample, size = total number 
of genes in the GO-process. 
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ID Name Symbol Log(2) fold 
change

ILMN_1674063 2-5-oligoadenylate synthetase 2 OAS2 3.73
ILMN_1801246 interferon induced transmembrane protein 1 IFITM1 3.41
ILMN_1803945 HLA complex P5 HCP5 3.15
ILMN_1760062 interferon-induced protein 44 IFI44 3.05
ILMN_2231928 myxovirus (influenza virus) resistance 2 MX2 2.78
ILMN_1707695 interferon-induced protein with tetratricopeptide repeats 1 IFIT1 2.76
ILMN_1662358 myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 MX1 2.56
ILMN_1769520 ubiquitin-conjugating enzyme E2L 6 UBE2L6 2.54
ILMN_1739428 interferon-induced protein with tetratricopeptide repeats 2 IFIT2 2.45
ILMN_1778401 major histocompatibility complex, class I, B HLA-B 2.30
ILMN_2347798 interferon, alpha-inducible protein 6 IFI6 2.26
ILMN_1795181 DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 DDX60 2.16
ILMN_1657871 radical S-adenosyl methionine domain containing 2 RSAD2 2.16
ILMN_1687384 interferon, alpha-inducible protein 6 IFI6 1.96
ILMN_2384857 dehydrogenase/reductase (SDR family) member 2 DHRS2 1.94
ILMN_2058782 interferon, alpha-inducible protein 27 IFI27 1.89
ILMN_2239754 interferon-induced protein with tetratricopeptide repeats 3 IFIT3 1.85
ILMN_1703337 hypothetical LOC441763 LOC441763 1.75
ILMN_1805750 interferon induced transmembrane protein 3 (1-8U) IFITM3 1.65
ILMN_3239606 hypothetical LOC100134357 LOC100134357 1.54
ILMN_1745397 2-5-oligoadenylate synthetase 3 OAS3 1.54
ILMN_2262044 poly (ADP-ribose) polymerase family, member 10 PARP10 1.40
ILMN_2053527 poly (ADP-ribose) polymerase family, member 9 PARP9 1.20
ILMN_1755173 pleckstrin homology domain containing, family A, member 4 PLEKHA4 1.20
ILMN_2305112 cystathionase (cystathionine gamma-lyase) CTH 1.14
ILMN_2108735 eukaryotic translation elongation factor 1 alpha 2 EEF1A2 1.02
ILMN_2275297 splicing factor, arginine/serine-rich 12 SFRS12 0.86
ILMN_1691772 zinc finger and SCAN domain containing 29 ZSCAN29 0.81
ILMN_2148459 beta-2-microglobulin B2M 0.80
ILMN_2130441 major histocompatibility complex, class I, H HLA-H 0.78
ILMN_2203950 major histocompatibility complex, class I, A HLA-A 0.67
ILMN_1775170 metallothionein 1X MT1X 0.61
ILMN_1775744 mitochondrial ribosomal protein S16 MRPS16 -0.53
ILMN_1689329 stearoyl-CoA desaturase (delta-9-desaturase) SCD -0.63
ILMN_1781952 microsomal glutathione S-transferase 1 MGST1 -0.67
ILMN_2173891 chromosome 19 open reading frame 40 C19orf40 -0.70
ILMN_1763975 FLJ44005 protein FLJ44005 -0.83
ILMN_1686662 chromosome 15 open reading frame 28 C15orf28 -0.88
ILMN_1761422 similar to nuclear pore complex interacting protein, transcript variant 1 LOC440349 -0.92
ILMN_1671355 SLC7A5 pseudogene IMAA -0.95
ILMN_1787648 G protein-coupled receptor 125 GPR125 -0.95
ILMN_1762769 polymerase (RNA) II (DNA directed) polypeptide J POLR2J4 -1.09
ILMN_3200018 similar to hCG1815881 LOC442609 -1.12
ILMN_1655864 similar to hypothetical protein FLJ40722, transcript variant 2 LOC653853 -1.38
ILMN_1742917 nucleoredoxin-like 1 NXNL1 -1.69
ILMN_1667796 hemoglobin, alpha 2 HBA2 -2.68

Supplementary table 4. Human RNA gene expression array of non-irradiated versus 9x 2 Gy HT29 xe-
nografts. List of top 50 up-regulated genes in HT29 cells in vivo  after 10x 2 Gy, compared to non-irradiated 
xenografts. Change in expression displayed as average log(2) fold change. ID = gene ID. N=4, adjusted p-
value <0.1. 
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GO Term Count Size
0060337 type I interferon-mediated signaling pathway 18 61
0071357 cellular response to type I interferon 18 61
0034340 response to type I interferon 18 62
0051607 defense response to virus 22 149
0045087 innate immune response 32 383
0045071 negative regulation of viral genome replication 11 30
0048525 negative regulation of viral reproduction 11 30
0009615 response to virus 23 209
0006955 immune response 42 722
0043901 negative regulation of multi-organism process 11 40
0045069 regulation of viral genome replication 11 44
0002252 immune effector process 25 318
0019079 viral genome replication 11 53
0009607 response to biotic stimulus 28 419
0019221 cytokine-mediated signaling pathway 22 265
0006952 defense response 39 752
2000242 negative regulation of reproductive process 11 56
0051707 response to other organism 27 402
0002376 immune system process 54 1321
0071345 cellular response to cytokine stimulus 23 323
0035455 response to interferon-alpha 6 14
0043900 regulation of multi-organism process 16 176
0034097 response to cytokine stimulus 24 391
0039531 regulation of viral-induced cytoplasmic pattern recognition receptor signaling pathway 4 6
0039535 regulation of RIG-I signaling pathway 4 6
0035457 cellular response to interferon-alpha 4 7
0039529 RIG-I signaling pathway 4 7
0050792 regulation of viral reproduction 11 105
0034341 response to interferon-gamma 10 86
1900246 positive regulation of RIG-I signaling pathway 3 3
0006950 response to stress 69 2249
0039528 cytoplasmic pattern recognition receptor signaling pathway in response to virus 4 10
0035456 response to interferon-beta 4 13
0050688 regulation of defense response to virus 7 56
0070887 cellular response to chemical stimulus 44 1310
0032020 ISG15-protein conjugation 3 6
2000241 regulation of reproductive process 11 157
0071310 cellular response to organic substance 36 1031
0001817 regulation of cytokine production 15 277
0002831 regulation of response to biotic stimulus 7 69
0010212 response to ionizing radiation 8 91
0002682 regulation of immune system process 25 629
0060700 regulation of ribonuclease activity 2 2
1900245 positive regulation of MDA-5 signaling pathway 2 2
0031347 regulation of defense response 16 322
0043331 response to dsRNA 5 34
0071346 cellular response to interferon-gamma 7 73
0045088 regulation of innate immune response 11 178
2000116 regulation of cysteine-type endopeptidase activity 10 153

Supplementary table 5. Top 50 most enriched gene ontology processes in non-irradiated versus 9x 2 Gy 
HT29 xenografts. GO= gene ontology, count = number of induced genes in the sample, size = total number 
of genes in the GO-process.






