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SUMMARY

Environmental insults are often detected by multiple sensors that activate diverse signaling 

pathways and transcriptional regulators, leading to a tailored transcriptional output. To understand 

how a tailored response is coordinated, we examined the inflammatory response elicited in mouse 

macrophages by ionizing radiation (IR). RNA-sequencing studies revealed that most radiation-

induced genes were strongly dependent on only one of a small number of sensors and signaling 

pathways, notably the DNA damage-induced kinase ATM, which regulated many IR-response 

genes, including interferon response genes, via an atypical IRF1-dependent, STING-independent 

mechanism. Moreover, small, defined sets of genes activated by p53 and NRF2 accounted for the 

selective response to radiation in comparison to a microbial inducer of inflammation. Our findings 

reveal that genes comprising an environmental response are activated by defined sensing 

mechanisms with a high degree of selectivity, and they identify distinct components of the 

radiation response that may be susceptible to therapeutic perturbation.

eTOC paragraph

*Correspondence: smale@mednet.ucla.edu (Tel: 310-206-4777; Fax: 310-206-8623).
4Lead Contact

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

AUTHOR CONTRIBUTIONS
P.K.P. designed and performed experiments, analyzed the data, and wrote the manuscript. A.J.T. provide RNA-seq data sets from lipid 
A-stimulated BMDMs. P.O.S., P.J.K., K.S.I., and W.H.M. provided valuable guidance with the design and interpretation of 
experiments, with the computational analysis, and/or with preparation of the manuscript. S.T.S. designed experiments and wrote the 
manuscript.

HHS Public Access
Author manuscript
Immunity. Author manuscript; available in PMC 2018 September 19.

Published in final edited form as:
Immunity. 2017 September 19; 47(3): 421–434.e3. doi:10.1016/j.immuni.2017.08.017.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Purbey et al. define the transcriptional response to ionizing radiation in macrophages, revealing a 

strong dependency on a small number of sensors and signaling pathways, notably the DNA 

damage-induced kinase ATM, the tumor suppressor p53, and the ROS-induced transcription factor 

NRF2. Their findings point to selectivity in damage-sensing mechanisms, and identify components 

of the radiation response as potential therapeutic targets.

INTRODUCTION

Eukaryotes have evolved numerous strategies to respond to a diverse range of environmental 

insults. The responses require mechanisms to sense the insult and activate signaling 

pathways, culminating in physiological changes that allow the cell or organism to tolerate 

and recover from the insult. Many of the physiological changes are coordinated by the 

induction and repression of gene expression. Although the responses presumably evolved to 

promote survival and recovery, they can also have negative consequences on human health. 

One challenge is that many environmental insults are sensed by multiple mechanisms, each 

of which may regulate genes independently, in synergy with other sensing mechanisms, or in 

a redundant fashion. Because most studies focus on only one sensing mechanism or 

signaling pathway, the relationships between the multiple sensing mechanisms activated by 

an insult have remained poorly understood.

Ionizing irradiation (IR) is among the most ancient environmental insults to which living 

organisms are exposed. Low dose environmental exposures undoubtedly drove the evolution 

of radiation response mechanisms. However, the response to higher doses of radiation is now 

of special interest for the development of strategies to mitigate the negative consequences of 

radiation therapies and unintended radiation exposures, and to optimize combination cancer 

therapies in which radiation is combined with other therapeutic approaches, such as 

checkpoint blockade (Homer et al., 2016; Rosen et al., 2014; Victor et al., 2015). Related 

goals are to develop improved biomarkers for the accurate detection of radiation exposure, 
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for distinguishing a radiation response from a response to other environmental insults, and 

for predicting the extent of an exposure (Sullivan et al., 2013).

In mammals, the most severe consequences of IR exposure often result from the death of 

proliferative cells, including radiosensitive bone marrow stem and progenitor cells (Williams 

et al., 2010). However, IR exposure can have detrimental effects on a broad range of cell 

types and organs, through cell death and gene expression changes that promote 

inflammation and other alterations in cell physiology (Bartoletti-Stella et al., 2013; Rashi-

Elkeles et al., 2011; Schaue and McBride, 2010). Macrophages are among the cell types that 

appear to contribute to pathogenesis following radiation exposure. For example, 

macrophages and other cells of the innate immune system are thought to modulate Acute 

Radiation Syndromes (ARS) affecting bone marrow and the gastrointestinal tract, and late 

fibrosis in lungs and other tissues (Lorimore et al., 2001; Dong et al., 2015; Groves et al., 

2015; Heslet et al., 2012). Gene expression changes following IR treatment are also likely to 

impact the normal functions of macrophages (Williams et al., 2010). Although the exposure 

of macrophages to IR often has detrimental effects, the macrophage response can also be 

beneficial. In fact, mice depleted of liver and splenic macrophages exhibit increased 

susceptibility to IR-induced mortality (Salkowski et al., 1995).

The transcriptional response to IR exposure can be elicited by the sensing of DNA damage, 

newly generated reactive oxygen species (ROS), or cell death (Candéias and Testard, 2015; 

Schaue and McBride 2010). In addition, damaged cells have the potential to release damage-

associated molecular patterns (DAMPs) that can be sensed by pattern recognition receptors 

(PRRs), including Toll-like receptors (TLRs) (Candéias and Testard, 2015; Härtlova et al., 

2015). At the organism level, IR-induced damage can compromise epithelial barriers, 

resulting in bacterial translocation and further amplification of inflammatory cascades by 

pathogen associated molecular patterns (PAMPs) acting through these same PRRs. Genes 

activated by IR (e.g. Tnf and Il1b) encode proteins that can also contribute to the subsequent 

response.

The DNA double-strand breaks induced by IR can be sensed by the DNA damage-induced 

kinases, ATM and DNA-PK (Bensimon et al., 2011). In addition to promoting DNA repair, 

ATM can activate multiple transcription factors, including NF-κB, p53, and MAP kinase 

(MAPK)-induced factors (Gannon et al., 2012; Wu et al., 2006; Kool et al., 2003). ROS has 

been proposed to regulate gene expression by activating ATM, MAPKs, NRF-2, NF-κB, and 

AP-1 (Kozlov et al., 2016; Ryoo et al., 2016; Gloire et al., 2006). Recently, DNA released 

into the cytoplasm following IR exposure has been proposed to induce an interferon (IFN) 

response via activation of the cytosolic DNA sensory pathway that signals through 

Stimulator of IFN Signaling (STING) (Härtlova et al., 2015).

Although many sensing mechanisms and signaling pathways have the potential to contribute 

to the IR response, the precise contribution of each mechanism and pathway remains poorly 

understood. Is the transcriptional output primarily driven by one sensing mechanism, with 

others playing minimal roles? Do diverse sensing mechanisms act independently to regulate 

distinct sets of genes, or does the response involve considerable redundancy or synergy? Can 

the transcriptional output be fully explained by known sensing mechanisms, or do sensing 
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mechanisms, signaling pathways, and transcription factors exist that have not yet been linked 

to the IR response?

In this study, we explored the above questions through the use of RNA-sequencing (RNA-

seq) and chromatin immunoprecipitation-sequencing (ChIP-seq). We used terminally 

differentiated mouse bone marrow-derived macrophage (BMDMs) to focus on the most 

fundamental events that occur in the absence of cell-cycle checkpoint effects. By analyzing 

BMDMs from a variety of mouse strains bearing specific genetic deletions and mutations, 

we identified dominant regulators of almost all of the 99 most potently induced genes. 

Remarkably, distinct sensing mechanisms and signaling pathways were found to play major 

roles in the induction of defined sets of target genes, with little evidence of strong synergy 

between sensing mechanisms. Of particular note, a careful comparison of the IR response to 

the response to lipid A, a microbial inducer of inflammation through TLR4, revealed that the 

selectivity of the IR response can largely be explained by the induction of p53 and the ROS-

induced transcription factor, NRF2. Together, the results provide extensive, unbiased insight 

into the IR response and identify distinct components of the response that may be 

susceptible to therapeutic perturbation.

RESULTS

Basic Properties of the Transcriptional Cascade Induced by IR

For our analysis of the response to IR, we focused on C57BL/6 BMDMs for three reasons. 

First, macrophages are thought to contribute to IR-induced pathogenesis. Second, an initial 

analysis of a non-proliferative cell type allowed us to simplify the study, as a proliferating 

cell type would reveal many genes that are modulated as an indirect consequence of cell-

cycle checkpoints; to fully understand the IR response, it is preferable to first dissect 

components of the response that are independent of the cell-cycle and to then add additional 

layers of complexity in the future. Third, the focus on BMDMs facilitated a comparative 

analysis of the selectivity of inflammatory responses, via a comparison to data previously 

generated in studies of BMDMs stimulated with Lipid A (Tong et al., 2016).

We initially performed RNA-seq with mRNA from mouse C57BL/6 BMDMs collected 0, 

0.5, 1, 2, 6, and 24 hrs after 6 Gray (Gy) of irradiation. An analysis of three biological 

replicates revealed that, on average, 9,201 (31.8%) of the 29,082 annotated Refseq genes 

(prior to removal of duplicate isoforms) reached an average transcript level of at least 3 

RPKM (Reads Per Kilobase per Million mapped reads) in at least one time point. We chose 

this relatively high 3 RPKM threshold to increase the accuracy of the fold-induction 

calculations described below.

Of the 9,201 expressed genes, 387 (4.2%) were induced by at least 2-fold (p<0.01, 

FDR<0.05) (Figure 1A). Importantly, however, 70.8% of these genes were induced by an 

average of less than 4-fold (Figure 1B); only 99 genes, all of which are protein-coding 

genes, were induced more than 4-fold (Figure 1B,C). These genes span a broad range of 

basal and induced transcript levels (Figure 1D). We focused on these 99 potently induced 

genes to increase the accuracy of the analysis. In particular, when performing loss-of-
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function experiments, it is difficult to accurately quantify the extent to which induction of a 

weakly induced gene is impacted by the absence of a regulatory factor.

A dose-response analysis revealed that the number of induced genes was much higher with 6 

Gy IR than 2 Gy, whereas the number was only moderately increased with 20 Gy (Figure 

S1A,B). Hierarchical clustering revealed that the activation kinetics was similar in the 3 

biological replicates of the 6 Gy experiments (Figure S1C).

The 99 genes that were strongly induced with 6 Gy IR were first grouped according to the 

time point at which their expression peaked (Figure 1E; see Figure S2 for gene names). 

Genes whose mRNAs peaked at 0.5, 1 or 2 hrs were classified as Early Response Genes 

(ERGs), whereas most genes whose mRNAs peaked at the 24-hr time point were classified 

as Late Response Genes (LRGs). Six genes that exhibited peak mRNA levels at 24 hrs were 

included in the ERG class because they were induced by at least 3-fold by 2 hrs. Notably, no 

genes exhibited peak mRNA levels at the 6-hr time point.

IR Induces All Genes Independently of the Myd88 and Trif Pathways

IR can lead to the release of DAMPs, which can promote a transcriptional response through 

TLRs (Candéias and Testard, 2015). To evaluate the extent to which TLR sensors contribute 

to the transcriptional response in our experiments, we analyzed irradiated BMDMs from 

Myd88−/− Trif−/− mice. In these cells, the radiation response remained intact, with mRNA 

levels reduced greater than 50% in comparison to WT cells for only 1 gene (data not shown). 

Thus, although TLR pathways may contribute to the response in other physiological settings, 

they do not appear to be dominant regulators of the BMDM response to IR.

Most LRGs Correspond to Interferon-Stimulated Genes (ISGs)

A promoter motif analysis revealed a strong enrichment of Interferon-Sensitive Response 

Elements (ISREs) and Interferon Regulatory Factor (IRF) binding motifs in the promoters of 

LRGs (Figure S3A), raising the possibility that the LRG cluster is dominated by Type 1 

IFN-induced genes. Consistent with this possibility and with previous reports (Mboko et al., 

2012; Hartlova et al., 2015), the Ifnb1 gene, encoding IFN-β1, was strongly induced by IR 

(Figure S3B), although its transcript level did not reach the 3 RPKM threshold needed for 

inclusion in the set of 99 genes monitored in this study.

To test the role of IFN signaling, WT cells and cells lacking the Type 1 IFN receptor, 

IFNAR, were collected 0, 0.5, 1, 2, 6, and 24 hrs after IR, followed by RNA-seq analysis. 

Although none of the ERGs exhibited IFNAR dependence, 43 of the 48 LRGs exhibited 

substantially reduced maximum transcript levels (<30% of WT) in the irradiated Ifnar−/− 

cells (Figure 2A, column 7; Figure 2B). The basal transcript level for many of these genes 

was also reduced in the Ifnar−/− cells (Figure 2A, column 8), consistent with previous 

evidence that a low level of tonic IFN signaling occurs in cultured cells (Gough et al., 2012). 

These results demonstrate that the late response of BMDMs to IR is dominated by a Type 1 

IFN response.
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ATM Mediates Induction of Many ERGs and LRGs

The strong enrichment of NF-κB motifs in the promoters of ERGs (Figure S3A) could not 

be explained by signaling through the MyD88 and TRIF pathways. However, NF-κB is also 

activated by ATM, which helps sense DNA damage (Shiloh and Ziv, 2013; Lee et al., 1998). 

To evaluate the extent to which ATM contributes to the IR response, WT and Atm−/− 

macrophages were collected 0, 0.5, 1, 2, 6, and 24 hrs after irradiation, followed by RNA-

seq analysis. The results revealed that 45% and 30% of the ERGs and LRGs, respectively, 

exhibited strong ATM dependence (<30% of WT expression in Atm−/− cells) (Figure 2A, 

columns 9–15; Figure 2C; Figure S2). Consistent with the ATM-dependence of the IFNAR-

dependent LRGs, Ifnb1 mRNA also exhibited strong ATM-dependence (Figure S3C).

One challenge in interpreting the Atm−/− data is that many genes, especially LRGs, 

exhibited significantly increased basal transcript levels in unstimulated Atm−/− cells (Figure 

2A, columns 9 and 16). The high basal levels were usually maintained in the irradiated cells 

but without further induction (Figure 2A, columns 9–14). These results are consistent with 

previous evidence that ATM plays an important role in minimizing basal activation of an 

IFN response by the cytosolic DNA sensory pathway that relies on STING (Hartlova et al., 

2015). Consistent with predictions, Ifnb1 mRNA was slightly increased in the Atm−/− cells 

prior to irradiation (Figure S3C); however, basal Ifnb1 transcript levels were generally very 

low and their measurement was less reliable than the measurement of mRNAs for IFN target 

genes. To summarize, ATM was critical for the induction of many radiation-induced genes, 

but its absence also led to the aberrant induction of the IFN gene program both before and 

after irradiation.

Despite the complexity of the Atm−/− data, a quantitative analysis of each LRG revealed that 

ATM was consistently critical for the radiation-induced component of the transcript level for 

each gene (Figure 2D). For this analysis, the LRGs were first separated into two groups: 

those with a greatly elevated basal transcript level in Atm−/− cells (left), and those with a 

relatively normal basal transcript level (right). Then, the basal and radiation-induced 

transcript levels for each gene in Atm−/− cells were compared to the radiation-induced 

transcript level in WT cells. The results revealed that ATM was important for the radiation-

dependent component of the induction of each LRG, after taking into consideration the 

impact of ATM deficiency on basal transcript levels.

These results support previous evidence that DNA damage is a critical sensor for IR, and 

that ATM plays a dominant role in the inflammatory response induced by IR in BMDMs. 

Importantly, several ERGs exhibited little or no ATM dependence, and a subset of the LRGs 

exhibited only partial ATM dependence, demonstrating the involvement of other radiation 

sensors.

STING and DNA-PKcs Contribute to Basal Expression of IFNAR-dependent LRGs, but not 
to IR-Induced Transcription

The finding that ATM plays a critical role in the IFN response is interesting to consider in 

relation to previous findings suggesting that double-strand breaks induced by IR activate an 

IFN response via the STING pathway (Hartlova et al., 2015). At face value, these results 
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suggest that ATM and STING may function together to promote an IFN response. However, 

one limitation of the prior study is that it lacked a time course to distinguish the impact of 

STING on basal expression from its impact on radiation-induced transcription.

To examine the role of STING in the radiation response in greater depth, BMDMs from WT 

and StingGt/Gt mice (which cannot signal through STING) were collected 0, 0.5, 1, 2, 6, and 

24 hr after irradiation, followed by RNA-seq analysis. The results revealed strongly reduced 

basal transcript levels for most of the IFNAR-dependent, ATM-dependent LRGs before 

irradiation (0-hr time point) and between 0.5 and 2 hrs post-irradiation (Figure 3A, columns 

1–4, 11–14, 18). Since these time points precede the induction of LRGs, the results support 

prior evidence that tonic activation of a Type I IFN response is due to STING activation by 

cytosolic nucleic acids (Hartlova et al., 2015). Surprisingly, however, the STING deficiency 

did not reduce radiation-induced transcript levels at the 6- and 24-hr time points (Figure 3A, 

columns 5, 6, 15–17; Figure 3B). This effect on basal but not induced transcript levels in the 

StingGt/Gt cells was highlighted in the gene expression kinetics for three representative 

IFNAR-dependent LRGs (Figure 3D). Thus, despite its important role in regulating the tonic 

IFN response, STING does not appear to contribute to radiation-induced transcription.

We also examined BMDMs from Scid mice, which contain a point mutation in the gene 

encoding the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs), which has 

been reported to contribute to STING-dependent transcription (Ferguson et al., 2012; 

Dempsey and Bowie, 2015). Consistent with the published reports and with our findings, 

reduced basal transcript levels were observed for most IFNAR-dependent genes (Figure 3A, 

column 20). However, the Scid mutation had little effect on the radiation-induced transcript 

levels for these genes (Figure 3A, column 19; Figure 3C).

A closer examination of basal transcript levels for IFNAR-dependent LRGs in the Atm−/−, 

Ifnar−/−, StingGt/Gt, and Scid macrophages revealed variable but consistent increases in 

Atm−/− cells, with variable but consistent decreases in the other three mutants (Figure 3E). 

Interestingly, ordering the 43 IFNAR-dependent LRGs according to the magnitude of the 

elevated basal transcript levels in Atm−/− cells revealed that the magnitude of elevation was 

roughly proportional to the magnitude of suppression in the other three mutants (Figures 3F, 

S4). Suppression was less pronounced in the Scid cells than in the Ifnar−/− or StingGt/Gt 

cells.

Together, these results suggest that the tonic IFN response observed in cultured BMDMs 

requires a pathway that includes STING, DNA-PK, and IFNAR, with ATM keeping this 

tonic IFN response at a low level. However, STING and DNA-PK do not contribute to the 

radiation-induced transcription of LRGs. Furthermore, despite ATM’s role in suppressing 

the tonic IFN response, it is critical for the potent induction of IFNAR-dependent genes by 

IR.

Differential Roles of IRF3 and IRF1 in Tonic and Radiation-Induced IFN Responses

We next examined BMDMs deficient in the gene encoding the transcription factor IRF3, 

which is known to be critical for Ifnb1 induction by multiple pathways, including the 

STING and TRIF pathways (Liu et al., 2015; Tamura et al., 2008). Consistent with the 
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important role for STING in the tonic expression of IFNAR-dependent genes, the basal 

expression of these genes was reduced in Irf3−/− BMDMs (Figure 4A). In fact, the impact of 

IRF3 deficiency on the basal transcript level for each LRG correlated with the impact of 

STING deficiency (Figure 4B; Figure S4). However, IRF3 did not participate in the 

radiation-induced transcription of the IFNAR-dependent LRGs 24 hrs after irradiation 

(Figure S2). We also examined BMDMs lacking the gene encoding mitochondrial antiviral-

signaling protein (MAVS), which contributes to the IFN response to intracellular RNA 

(Yoneyama et al., 2015); by qRT-PCR, no effect on either the tonic or radiation-induced 

transcript levels for representative LRGs was observed in Mavs−/− cells (data not shown).

In contrast to the results obtained with Irf3−/− BMDMs, RNA-seq analysis of BMDMs 

lacking another IRF family member, IRF1, revealed a critical role for this factor in the 

induction of IFNAR-dependent LRGs by IR (Figure 4C,D). The IRF1 dependence reflected 

an IRF1 requirement for induction of the Ifnb1 gene itself (Figure S3D). Although IRF3 and 

IRF7 are often responsible for the induction of Ifnb1 transcription, IRF1 plays a partial role 

in Ifnb1 induction in other settings (Tamura et al., 2008). To examine whether IRF1 might 

serve as a direct activator of Ifnb1 transcription in response to IR, ChIP-seq was performed 

with antibodies directed against IRF1 and IRF3 in BMDMs collected 0, 1, 2, and 6 hrs after 

irradiation. IRF1 but not IRF3 bound the Ifnb1 promoter in response to IR (Figure 4E, top), 

whereas IRF3 bound the promoter following LPS stimulation (Figure 4E, bottom). Thus, 

there appears to be selectivity in terms of the IRF family member that is activated by each 

insult.

To summarize, these results suggest that IRF1 acts downstream of ATM in response to IR 

and serves as a direct activator of Ifnb1, thereby promoting a potent Type I IFN response. 

However, the pathway regulating this IR response activity of ATM is entirely distinct from 

the pathway regulating ATM’s tonic function in cells that have not been exposed to IR, and 

in IR-treated cells monitored at early time points (0–2 hrs).

ERK and p38 MAP Kinases Regulate Many ATM-Dependent and -Independent ERGs

The above results provide insight into the roles of ATM, IRF1, IFNAR, IRF3, STING, and 

DNA-PK in regulating LRGs. Importantly, 24 of the 51 ERGs also exhibited strong ATM-

dependence. To better define the requirements for induction of the 51 ERGs, WT 

macrophages were irradiated in the presence of the ERK inhibitor, PD0325901, and the p38 

inhibitor, BIRB0796, either alone or together. RNA was then isolated 0, 0.5, 1, and 2 hrs 

after irradiation and examined by RNA-seq. The individual inhibitors had relatively modest 

effects on their own, with far more pronounced effects when the inhibitors were combined 

(Figure S5A). These findings suggest considerable redundancy between the two MAPKs, 

similar to our previous observations in Lipid A-treated BMDMs (Tong et al. 2016).

The analysis in Figure 5A (column 2) demonstrates that the radiation-induced expression of 

16 of the 51 ERGs was strongly inhibited by the combined MAPK inhibitors. Only 6 of 

these genes also exhibited strong dependence on ATM. Moreover, 19 of the ATM-dependent 

genes exhibited little or no dependence on the MAPKs. These results suggest that one or 

more sensors of IR exposure in addition to ATM must exist that can activate MAPKs and 

contribute to the transcriptional output. For the genes that exhibited dependence on both 
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ATM and MAPKs, ATM may serve as the critical activator of the MAPKs (Tang et al., 

2002), or a different sensor may be responsible for the MAPK-dependence of these genes.

Interestingly, only one ERG, Irg1, exhibited IRF1 dependence (Figure 5A, column 5). In 

Lipid A-stimulated macrophages, Ifnb1 and Irg1 were among a small group of 9 strongly 

induced primary response genes that exhibited strong IRF3 dependence (Tong et al. 2016). 

In response to IR, both of these genes instead depend on ATM and IRF1 for their induction 

(although, as mentioned above, Ifnb1 is not among the group of 51 ERGs because it did not 

reach the 3 RPKM threshold needed for inclusion in this group).

ROS Act through NRF2 to Regulate Five Radiation-Induced ERGs

The above results left us with 17 of 51 ERGs and 5 of 48 LRGs that do not exhibit strong 

dependence on any of the pathways we have evaluated. ROS are known to be additional 

sensors of IR exposure (Anuranjani and Bala, 2014). To examine the role of ROS in the 

response to IR, we pre-treated BMDMs with the ROS scavenger, N-acetyl-L-cysteine 

(NAC), for 1 hr prior to irradiation. The cells were then collected 0, 0.5, 1, 2, 6, and 24 hr 

after irradiation, followed by RNA-seq analysis. Only two ERGs, Slc7a11 and Chac1, 

exhibited strong sensitivity to NAC (<30% of maximum RPKM), even at a high dose (1 

mM; Figure 5A–C). A third ERG, Trib3, just missed the 30% cut-off for classification as a 

NAC-sensitive gene (Figure 5B,C).

The transcription factor NRF2 is arguably the most compelling mediator of the anti-oxidant 

responses (Anuranjani and Bala, 2014). RNA-seq was therefore performed with WT and 

Nrf2−/− BMDMs collected 0, 0.5, 1, 2, 6, and 24 hrs after irradiation. The greatest decreases 

in radiation-induced transcription were observed with precisely the same three genes that 

exhibited the highest sensitivity to NAC: Slc7a11, Chac1, and Trib3 (Figure 5A–C). Two 

additional members of the Slc7a family, Slc7a1 (43% of WT) and Slc7a5 (34% of WT), 

exhibited transcript levels that were reduced to a more moderate extent in the Nrf2−/− cells 

(Figure 5A–C). These results confirm the importance of ROS signaling in the radiation 

response in BMDMs. The results also demonstrate that NRF2 is largely responsible for 

mediating the ROS response. However, the results show that ROS plays a dominant role in 

the activation of a surprisingly small number of potently induced genes. Notably, the 5 genes 

regulated by NRF2 encode functionally linked proteins (see Discussion).

A Critical Role for p53 in IR-Specific Inflammatory Gene Activation in Comparison to Lipid 
A-Induced Inflammation

A major goal is to understand how a transcriptional response is tailored to a stimulus, given 

that many stimuli induce common pathways such as the NF-κB, MAPK, and IRF pathways. 

With this in mind, we compared our RNA-seq data sets from irradiated BMDMs with data 

sets from BMDMs stimulated with Lipid A, which activates TLR4 (Tong et al. 2016). Forty-

two of the 51 radiation-induced ERGs, and 45 of the 48 LRGs, were also induced by Lipid 

A (Figure 6A). The strong overlap is not surprising, as both ATM and TLR4 are potent 

inducers of NF-κB, MAPKs, and either IRF1 or IRF3. Nevertheless, a careful comparison of 

the responses to the two stimuli allowed us to gain critical insights into the stimulus-

specificity of the radiation response.
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Specifically, even though Lipid A was a more potent inducer of most genes that were 

induced in common by Lipid A and IR (Figure 6A), 9 IR-induced ERGs and 3 IR-induced 

LRGs exhibited little or no induction in response to Lipid A (Figure 6B). Each of these 12 

genes was induced less than 3-fold by Lipid A and its induction magnitude by radiation 

exceeded its Lipid A induction magnitude by at least 3-fold (Figure 6B). Notably, 4 of the 

IR-specific ERGs were from the group of 5 NRF2-dependent genes (Figure 6C, top); the 

fifth NRF2-dependent gene, Slc7a11, was strongly induced by Lipid A, presumably via an 

NRF2-independent mechanism (data not shown). All 5 of the remaining IR-specific ERGs 

were included in the “unknown” gene cluster for which no dependencies were identified (see 

Figure 5A). The 3 IR-specific LRGs were from the small group of 5 IFNAR-independent 

LRGs.

During a search for factors that may regulate these 8 IR-specific genes (5 ERGs and 3 

LRGs), the transcription factor p53 emerged as a candidate due to evidence from ChIP-seq 

experiments in MEFs that p53 can bind in close proximity to a few of these genes 

(Kenzelmann Broz et al., 2013). p53 is activated by DNA damage via ATM, with a critical 

role of activated p53 in blocking cell cycle progression at the G1-S checkpoint by up-

regulation of cell cycle check point inhibitor, p21 (Vousden and Prives, 2009).

To evaluate a possible role for p53 in the radiation response in BMDMs, WT and p53−/− 

BMDMs were examined by RNA-seq, with cells collected 0, 0.5, 1, 2, 6, and 24 hrs after 

irradiation. Strong p53 dependence (<30% of WT RPKM in p53−/− cells) was observed with 

4 of the 5 IR-specific ERGs that did not exhibit NRF2 dependence (Figure 6D, middle), as 

well as 2 of the 3 IR-specific LRGs (Figure 6D, right)). Interestingly, only 2 of the other 

genes from the full set of 99 radiation-induced genes, Cdkn1a (p21) and Mdm2, exhibited 

p53 dependence (Figure 6D, left). These two genes, which play central roles in p53’s 

functions as an inhibitor of the G1-S transition and in negative feedback regulation, were 

also induced by Lipid A (Tong et al., 2016).

Taken together, p53 and NRF2 explain the induction of 10 of the 12 IR-specific genes. 

Notably, weak ATM-dependence was observed at most of the p53-dependent genes, 

suggesting that ATM and another kinase may act with partial redundancy in irradiated cells 

to activate p53, consistent with previous evidence that ATM can phosphorylate and activate 

p53 (Banin et al., 1998; Canman et al., 1998)

To evaluate further the p53 dependence of this small group of genes, ChIP-seq was 

performed with antibodies directed against active p53 phosphorylated on serine 15 (p-p53). 

BMDMs were treated with a crosslinking agent 0, 0.5, 1, 2, and 6 hrs post-irradiation, 

followed by ChIP-seq analysis. The number of called peaks increased significantly by the 

0.5-hr time point and remained high at the 1, 2, and 6-hr time points (Figure S5B). 

Approximately 35% of peaks were within 1 kb of an annotated TSS (Figure S5D), and 5,395 

of the peaks were observed in at least 3 of the 4 samples between 0.5 and 6 hr (Figure S5B, 

right panel). We focused on these 5,395 reproducible peaks for the subsequent analysis.

An examination of the 99 radiation-induced genes revealed that only 12 exhibited called p-

p53 peaks within 1 kb of their TSS; 6 of these peaks exhibited average scores of 69 or more, 
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whereas the other 6 exhibited average scores of 16 or less (Figure 7B). The 6 peaks with the 

strongest scores were located within 1 kb of the TSSs for the 6 ERGs that exhibited strong 

p53 dependence, including the 4 p53-dependent, IR-specific ERGs (Fam212b, Slc19a2, 
Phlda3, and Sesn2) and the 2 p53-dependent ERGs induced by both IR and Lipid A (Mdm2 
and Cdkn1a) (Figure 7B; see also Figure 6D). Although strong p-p53 binding by ChIP-seq 

was a strong predictor of p53 dependence, a strong motif score within 1 kb of the TSS was a 

poor predictor of both binding and p53 dependence (Figure 7C); most of the strong binding 

events coincided with strong motifs, but binding was not observed at most other promoters 

with similarly strong motifs. Notably, binding within 1 kb of the TSS was not observed at 

either of the p53-dependent LRGs (Figure 7B), suggesting that these genes are either 

indirect targets of p53 or that p-p53 binds distant enhancers for these genes.

The perfect correlation between the 6 p53-dependent ERGs and the 6 p-p53 ChIP-seq peaks 

with scores of 69 or greater was unexpected. Genome-wide, only 132 of the 5,495 

reproducible ChIP-seq peaks exhibited average scores of 69 or greater, with only 48 of these 

132 peaks within 1 kb of a TSS (Figure S5C,D). Another atypical yet common property was 

observed with the 6 p53-dependent ERGs: in each case, the p-p53 ChIP-seq peak was 

located downstream rather than upstream of the TSS, between +102 and +836, with the 

binding site either in the first intron of the gene or within the 5’ untranslated leader sequence 

(Figure S6, left and middle panels). Thus, the 6 genes that are most strongly activated by IR 

in a p53-dependent manner share common properties - unusually strong ChIP-seq peaks, 

with the peaks downstream of the TSS but within 1 kb.

DISCUSSION

Although a large number of sensors, signaling pathways, and transcription factors have been 

implicated in the response to IR, little information has been available regarding the degree to 

which each contributes to the transcriptional output. A more general deficiency exists in our 

knowledge of how each environmental insult elicits a tailored, stimulus-specific response. 

We found that ATM is a dominant regulator of approximately half of the ERGs, presumably 

via the activation of NF-κB and other inducible factors. ATM plays a dual role in opposing a 

tonic IFN response driven by STING, DNA-PK, and IRF3, and in activating IFN responses 

following IR treatment via IRF1. ROS activation of NRF2 serves as another important IR 

sensing pathway, although this pathway plays a dominant, non-redundant role at only a 

small number of potently induced genes. p53 is a dominant regulator of another small set of 

potently induced genes. The p53 target genes exhibited weak ATM dependence, suggesting 

that ATM and another kinase act with partial redundancy to induce p53. Notably, the NRF2 

and p53 target genes account for almost all genes found to be induced in an IR-specific 

manner in comparison to lipid A.

A key feature of our approach, which allowed us to provide such precise connections 

between radiation-induced genes and their dominant regulators, was the focus on genes 

induced by at least 4-fold. A long-term goal is to understand the regulation of all genes that 

are induced by IR in a statistically significant manner, which includes many genes induced 

between 1.5- and 4-fold. However, efforts to mechanistically evaluate all statistically 

induced genes are fraught with challenges that currently are difficult to overcome in a 
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meaningful way. In particular, when analyzing loss-of-function data, it is necessary to 

consider the continuum of effects that is typically observed. Induced genes rarely exhibit 

complete dependence on a particular pathway, generally leaving residual induction in mutant 

strains. For our studies, we considered a factor to be a “dominant” regulator of a gene if 

gene induction in a mutant strain was reduced to less than 30% of the induction level 

observed in WT cells. This approach is imperfect and further refinements will be required in 

the future. However, the challenge would have been greatly amplified if we had attempted to 

evaluate genes induced by only 1.5 or 2-fold. For example, when a gene is induced by only 

2-fold, it is extremely difficult to evaluate with confidence the degree of dependence of the 

gene’s induction on a mutant factor? It therefore is preferable to focus only on the most 

potently induced genes, and to then build on the resulting framework in future studies.

The importance of these decisions is readily apparent from the studies of ROS/NRF2 and 

p53. Using stringent criteria, we identified a limited but clear set of IR-specific genes. The 

ROS/NRF2 and p53 pathways accounted for the induction of almost all of these genes, 

suggesting that they are the most important pathways that account for the specificity of the 

IR response. Remarkably, every potently induced p53 target gene contained an unusually 

strong p53 binding site, with the binding site located downstream of the TSS. Thus, although 

p53 binds thousands of genomic sites, the stability and location of the binding event may be 

important for potent regulation by p53. An examination of the RNA-seq and ChIP-seq data 

sets revealed other likely p53 target genes that are induced more weakly but with apparent 

p53 dependence (data not shown). These genes sometimes but not always contain strong p53 

binding sites downstream and within 1kb of the TSS.

One important goal is to elucidate the logic through which molecular mechanisms of gene 

regulation are connected to biology. Do specific sensors, signaling pathways, and 

transcription factors activate genes with related biological functions and with a clear 

underlying logic? Strikingly, 4 of the 5 NRF-2 dependent genes – Slc7a1, Slc7a5, Slc7a11, 

and Chac1 – encode proteins that play important roles in the homeostasis of cellular 

glutathione and free radicals (Figure S7A), and two of them – Chac1 and Trib3 – encode 

proteins that regulate apoptosis. Thus, the potent activation of these 5 genes by NRF-2 may 

represent a coordinated and logical biological response to the generation of ROS by IR.

Most of the genes identified here as p53 targets have previously been described. Of interest, 

only 2 of the 6 strongly induced p53 target genes - Cdkn1a and Mdm2 – were also strongly 

activated by lipid A, presumably in a p53-independent manner. The other 4 exhibited strong 

dependence on p53 and were among the small group of IR-specific genes, suggesting that 

they may serve as high-confidence biomarkers for p53 activation. Literature search-based 

gene ontology analyses classified the 6 p53 target genes into multiple categories: inhibitor of 

cell growth and proliferation (Sesn2, Phlda3), vitamin-B1/Thiamin homeostasis (Slc19a2), 

pro-apoptotic/ tumor suppressor (Sesn2, Phlda3, Slc19a2), cell-cycle arrest (Cdkn1a), and 

negative regulation of p53 activity (Mdm2) (data not shown). Cdkn1a (Cyclin dependent 

kinase inhibitor/p21) is widely studied as an important mediator of cell cycle arrest induced 

by p53 (Deng et al., 1995; Gartel and Radhakrishnan, 2005), and Mdm2 is an ubiquitin 

ligase and a component of p53 auto-regulatory feedback network that binds to the 

transactivation domain of p53 to facilitates degradation and nuclear export (Chène, 2003).
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Sestrin2 contributes to the tumor suppression function of p53 by negatively regulating the 

mTOR pathway (Budanov and Karin, 2008). Phlda3 also contributes to the tumor 

suppression and pro-apoptotic functions of p53 by inhibiting the Akt pathway (Kawase et 

al., 2009). Fam212b (Family of sequence homology 212 member b) is a poorly understood, 

p53-regulated gene (Allen et al., 2014), and Slc19a2 (Thiamine transporter, THTR-1) plays 

an important role in thiamin homeostasis (Lo et al., 2001).

One of the most surprising findings to emerge from this study was the strong dependence of 

Ifnb1 expression and the Type I IFN response on IRF1. Although the IFN response induced 

by IR was previously suggested to be activated by STING via IRF3, STING and IRF3 

played an important role only in the tonic IFN response. Much remains to be learned about 

the complex regulation of the tonic IFN response, and also about the mechanism by which 

IR activates IRF1 in an ATM-dependent manner. Importantly, our findings suggest that IRF1 

may be an attractive target for efforts to suppress potentially damaging IFN responses in 

irradiated cells.

To conclude, although many questions remain to be answered about the regulation of the 99 

potently induced genes that were the focus of this study, as well as the large number of genes 

that are induced more weakly by IR, the study provides a strong foundation for an 

understanding of the IR response. One important direction for the future will be to add an 

additional layer of complexity by determining how the response is altered when cell cycle 

checkpoints are activated. It will also be important to examine the variability of the response 

in other mouse cell types, in human cells, and in more complex physiological settings. 

Finally, in addition to the dominant regulators identified in this study, the expression of each 

gene may be influenced to a lesser extent by additional sensors, signaling pathways, and 

transcription factors. By continuing to build on this foundation, a full understanding of the 

radiation response can eventually be obtained.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Stephen Smale (smale@mednet.ucla.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—WT C57BL/6, Atm−/−, StingGt/Gt, Scid, Irf1−/−, and Trp53−/− mice were obtained 

from Jackson Laboratory. Myd88−/−Trif−/− bones were obtained from G. Barton (UC 

Berkeley). Ifnar−/− and Irf3−/−, mice were obtained from G. Cheng (UCLA). Nrf2−/− mice 

were maintained in our own colony at UCLA. All the mutant strains used in this study were 

backcrossed to a C57BL/6 background as stated by Jackson inventory and the donating 

investigators. Catalog numbers and specific sources of the mice are provided in the Key 

Resources Table. Mice were maintained and bred in UCLA’s mouse housing rooms that are 

certified to breed and house immunocompromised and conventional mice from approved 

vendors. These rooms were supplied with autoclaved cages and irradiated feed and excluded 

Purbey et al. Page 13

Immunity. Author manuscript; available in PMC 2018 September 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



detectable pathogens. The mice were monitored by the UCLA Division of Laboratory 

Animal Medicine.

Bone Marrow-Derived Macrophages—BMDMs were prepared from 6–10 week-old 

male mice as described previously (Ramirez-Carrozzi et al., 2009; Bhatt et al., 2012). 

Briefly, mice were euthanized by placing in a CO2 chamber followed by cervical 

dislocation. The euthanized mice were then sterilized by spraying with 70% ethanol. To 

isolate bones, all legs of the mice were pinned with palms down and stretched. An incision 

was made in the skin near the abdomen and the skin was then cut along the hind leg to 

expose the muscle. Muscle tissue was removed from the femur and tibia bones and the 

femur was dislocated or cut from the hip joint. The femur and tibia were separated and 

cleaned, and the ends were cut, followed by insertion of a needle (25 gauge, 5/8 in) attached 

to 10 ml syringe. Cold PBS (phosphate-buffered saline; 10 ml per mouse) was passed 

through one end of the bones with the syringe to flush out the bone marrow clumps from 

another end into a petri dish. Clumps were dissociated with the same syringe (without the 

needle) by drawing and flushing the clumps into the petri dish 3–4 times. The single cell 

suspension was passed through a 70 µM cell strainer in a 15 ml falcon tube. Cells were 

pelleted at 1300 rpm (~1000 g) for 10 min. The cell pellet was suspended in 1 ml RBC lysis 

buffer (Sigma, #R7757) and incubated at room temperature for 5 min, then diluted with 9 ml 

cold PBS. After centrifugation at 1300 rpm (~1000g) for 10 min, the cell pellet was 

suspended in 10 ml BMDM media (20% FBS, 10% CMG condition medium [containing M-

CSF], 1x Pen-Strep [Gibco, #15140-122], 1x L-Glutamine [Gibco, #25030-081], 0.5 mM 

sodium pyruvate [Gibco, #11360-070] in Dubecco’s Modified Eagle Medium). 10 µl was 

used for cell counting using a hemocytometer. Cells were diluted to 0.65 million/ml and 

were dispensed 2 ml per well in 6 well plates. Cells were incubated at 37ºC in a CO2 

incubator to allow differentiation of bone marrow monocytes into BMDMs. BMDM medium 

was changed on day 4 and experiments were performed on day 6.

METHOD DETAILS

Irradiation—The BMDMs were irradiated on day 6 with 2, 6, or 20 Gy of IR (for 6 Gy, 

~1.6 Gy per min with Gulmay X-ray unit). RNA was harvested in Tri reagent (Molecular 

Research Center Inc, #TR118). For inhibitor studies, BMDMs were preincubated for 1 hr 

with ROS scavenger NAC (100 µM or 1mM, Sigma), ERK inhibitor PD0325901 (5 µM, 

Sigma), or p38 inhibitor BIRB0796 (5 µM, AXON Medchem).

RNA-seq—Total RNA was prepared using RNAeasy kit (Qiagen). Strand-specific libraries 

were generated using 400 ng of total RNA using the deoxyuridine triphosphate (dUTP) 

method (Levin et al., 2010) and TruSeq stranded RNA Sample Preparation Kit (Illumina). 

cDNA libraries were single-end sequenced (50bp) on Illumina HiSeq 2000 and eq 4000 

machines.

ChIP-seq—ChIP-seq for IRF-1 (Cell Signaling #8478S), IRF-3 (Santa Cruz # sc-9082 X) 

and Phospho-(ser-15)-p53 (Cell Signaling # 9284S) was performed as described (Barish et 

al., 2010), with optimization for each antibody. ChIP-seq libraries were prepared using the 

Kapa Hyper Prep Kit (Kapa Biosystems), followed by sequencing (Illumina HiS eq 4000).
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QUANTIFICATION AND STATISTICAL ANALYSIS

RNA-Seq Analysis—Reads were aligned to the mouse genome (NCBI37/mm9 build) 

with TopHat v1.5 by allowing reads to be aligned once with up to two mismatches per read. 

SeqMonk (Babraham Bioinformatics) was used to quantify against the exons of Refseq 

genes and RPKM values for genes were calculated as described (Mortazavi et al., 2008). 

Briefly, RPKM equals the number of reads mapped to exons of a gene divided by the exon 

length in kb times the total number of mapped reads in the data set (in millions). All RPKMs 

used for the analysis represent averages of two or three independent biological replicates, 

except the 24-hr time point from Irf3−/− cells (only one RNA-seq experiment was performed 

with this time point, as qPCR validated the absence of an impact of the IRF3 deficiency). 

Each mutant or chemically inhibited sample was analyzed simultaneously with a WT/

uninhibited sample treated in parallel. A gene was initially included in the analysis if it met 

all of the following criteria from three WT replicates: The maximum average RPKM 

reached 3 at any of the time points, the fold induction level reached 4-fold, and the induced 

expression level was consistently different from the basal level (P<0.01), as determined by 

the DESeq package in R Bioconductor (Anders and Huber, 2010). Heat maps were 

generated by transforming RPKM into percentage considering peak RPKM as 100%.

To determine the impact of a perturbation on the expression of a gene, the maximum RPKM 

in the mutant or chemically inhibited samples was converted to a percentage after 

considering the WT maximum RPKM to be 100%.

ChIP-seq Analysis—Reads were aligned to the mouse genome (NCBI37/mm9 build) 

with Bowtie2. Uniquely mapped reads were used for peak calling and peaks were further 

annotated to nearby genes using HOMER (Heinz et al., 2010). Peaks were called if the 

normalized signal was enriched more than 4 fold over input with a poison P value lower than 

1e-4 and false discovery rate of 0.01. Homer (makeUCSCfile command line) was used to 

generate bedgraph files of uniquely mapped reads for UCSC genome browser visualization. 

For p-p53 ChIP-seq analysis, peaks from four replicates were compared and only those with 

peaks in at least 3 replicates within a 100 bp window (mergePeaks function of homer) were 

selected. All peaks were annotated to Refseq genes based on the closest TSS using Homer; 

peaks were further corrected upon manual inspection of genome browser tracks of selected 

genes. To represent peak distributions, Venn diagrams were created using jvenn tool (Bardou 

et al., 2014).

Motif Analysis—Position weight matrices (PWMs) for p53 from a Transfac motif 

database were used to report the best matching p53 motif within 1 kb of the TSS by Pscan 

(Zambelli et al., 2009); the strength of individual motif was represented by a numerical 

value scale of 0–100.

DATA AND SOFTWARE AVAILABILITY

The accession number for RNA-seq and ChIP-seq data reported in this paper is GEO: 

GSE100963.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Most IR-induced genes are dominantly regulated by one of a small number of sensors

IR and ATM activate an IFN response via an IRF1-dependent, STING-independent 

pathway

The tonic IFN response is activated by STING, DNA-PK, and IRF3, but limited by ATM

NRF2 activated by ROS and p53 largely explain the selectivity of the response to IR
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Figure 1. Basic Properties of the Transcriptional Cascade Induced by IR
(A) A maximum average fold induction profile is shown for Refseq genes in either untreated 

or irradiated (6Gy) samples over a 24-hr time period. 6-Gy induced 9201 unique Refseq 

genes. The dashed gray line represents the 2-fold mark. The results represent average values 

from three independent experiments with the full radiation-induced time courses. See also 
Figure S1.

(B) A maximum average fold induction profile is shown for genes induced >2-fold (n=387) 

with p<0.01 and FDR<0.05. Approximately 75% of these genes were induced <4-fold.

(C) A maximum average fold induction profile is shown for the 99 genes induced >4-fold.

(D) Basal (bottom) and peak (top) RPKM values are shown for the 99 genes induced >4-

fold.

(E) Kinetic profiles are shown for the 99 genes induced by 6-Gy ionizing radiation over a 

24-hr time period. The genes are separated into ERG and LRG classes.
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Figure 2. Dependence of Radiation-Induced Genes on IFNAR and ATM
(A) Columns 1–6 show relative percent expression of each gene (maximum expression in 

WT cells=100%) in WT BMDMs. ERGs are arranged according to degree of dependence on 

ATM, and LRGs are arranged according to dependence on IFNAR. Column 7 shows peak 

expression in irradiated Ifnar−/− cells in comparison to WT cells. Column 8 shows basal 

expression in Ifnar−/− cells in comparison to WT. Columns 9–14 show the kinetic profiles of 

genes in Atm−/− cells (percent expression relative to WT). Column 15 shows peak 

expression in Atm−/− cells in comparison to WT. Column 16 shows basal expression in 

Atm−/− cells in comparison to WT. All values represent averages from 2 independent RNA-
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seq experiments performed with different BMDM preparations; each experiment with 

mutant BMDMs was performed with a parallel and full time-course with WT BMDMs. See 
also Figures S2 and S3.

(B) A dot plot displays the dependence of each ERG and LRG on IFNAR.

(C) A dot plot displays the dependence of ERGs and of both IFNAR-dependent (IFNAR-D) 

and IFNAR-independent (IFNAR-I) LRGs on ATM.

(D) The graphs show that, after taking into account the impact of ATM on basal expression 

of each LRG, virtually all LRGs exhibit strong dependence of ATM for their activation by 

IR. Genes exhibiting greatly elevated basal expression in Atm−/− cells in comparison to WT 

cells (>3-fold) are shown in the left graph. Genes for which ATM plays only a minimal role 

in basal expression are shown in the right graph. Blue circles represent maximum fold 

induction in WT cells. Red circles and black crosses represent basal and maximum fold-

induction values, respectively, for each gene relative to the basal WT expression level.
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Figure 3. Roles of STING and DNA-PKcs in Basal and Radiation-Induced Gene Expression
(A) Similar to Figure 2A, columns 1–10 display the expression kinetics of each of the 99 

induced genes, as well as the impact of ATM and IFNAR deficiency on their basal and 

maximum expression. Columns 11–16 display expression kinetics in StingGt/Gt cells 

(percent expression relative to WT). Column 17 and 18 display peak and basal expression 

(low basal highlighted) in StingGt/Gt cells (percent relative to WT). Column 19 and 20 

display peak and basal expression in Scid macrophages. All values represent averages from 

2 independent RNA-seq experiments performed with different BMDM preparations; each 
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experiment with mutant BMDMs was performed with a parallel and full time-course with 

WT BMDMs.

(B) A dot plot displays the dependence of each ERG, IFNAR-D and IFNAR-I LRG on 

STING.

(C) A dot plot displays the dependence of each ERG, IFNAR-D and IFNAR-I LRG on 

DNA-PKcs.

(D) Gene expression kinetics are shown for selected IFNAR-dependent genes (Irf7, Ccl5, 
Ifi44) in WT and StingGt/Gt cells. The maximum RPKM in WT cells equals 100%.

(E) A dot plot displays the basal expression level of IFNAR-D LRGs in Atm−/−, Ifnar−/−, 

StingGt/Gt, and Scid cells (% relative to WT basal expression level).

(F) The graph shows a gene-by-gene analysis of the basal expression levels of IFNAR-D 

LRGs in Atm−/−, Ifnar−/−, StingGt/Gt, and Scid cells (percent relative to WT basal expression 

level). The results show the proportional effects of IFNAR, STING, and SCID deficiency, 

and the inversely proportional effect of ATM deficiency. See also Figure S4.
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Figure 4. Basal and Radiation-Induced Expression of IFNAR-Dependent LRGs Depend on IRF3 
and IRF1, Respectively
(A) A dot plot displays basal expression of IFNAR-dependent LRGs relative to WT in 

Atm−/−, Ifnar−/−, StingGt/Gt and Irf3−/− BMDMs. All values represent averages from 2 

independent RNA-seq experiments performed with different BMDM preparations.

(B) The graph shows a gene-by-gene analysis of the basal expression levels of IFNAR-D 

LRGs in Atm−/−, StingGt/Gt and Irf3−/− BMDMs. The results show the proportional effects 

of STING and IRF3 deficiency, and the inversely proportional effect of ATM deficiency.

(C) Similar to Figure 2A, columns 1–8 display the expression kinetics of each of the 99 

induced genes, as well as the impact of ATM and IFNAR deficiency on their maximum 
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expression. Columns 9–14 display the expression kinetics of each gene in Irf1−/− cells 

(percent expression relative to WT). Column 15 displays peak expression in Irf1−/− cells 

(percent relative to WT). All values represent averages from 2 independent RNA-seq 

experiments performed with different BMDM preparations; each experiment with mutant 

BMDMs was performed with a parallel and full time-course with WT BMDMs.

(D) The scatter plot shows comparative maximum expression relative to WT of ERGs, 

IFNAR-D LRGs, and IFNAR-I LRGs in Irf1−/− (y-axis) and Ifnar−/− (x-axis) BMDMs.

(E) UCSC Genome Browser tracks from IRF3 and/or IRF1 ChIP-seq experiments are shown 

for the Ifnb1 locus in BMDMs treated with 6 Gy IR (top) and Lipid A (bottom). Antibodies 

used and time points are shown at the left).
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Figure 5. Roles of MAPKs and NRF2 in the Induction of ERGs
(A) An expression heat map shows peak expression of ERGs in Atm−/− cells, WT cells 

pretreated with both Erk and p38 inhibitors, Nrf2−/− cells, WT pretreated with NAC, and 

Irf1−/− cells. The genes were separated into 7 classes on the basis of their dependencies. All 

values represent averages from 2 independent RNA-seq experiments performed with 

different BMDM preparations; each experiment with mutant or inhibitor-treated WT 

BMDMs was performed with a parallel and full time-course with WT BMDMs or with 

control solvent-treated WT BMDMs, respectively. See also Figure S5.
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(B) A scatter plot shows the maximum expression of ERGs, IFNAR-dependent LRGs, and 

IFNAR-independent LRGs in Nrf2−/− BMDMs (y-axis) and in WT BMDMs pretreated with 

NAC (x-axis).

(C) The expression kinetics of the 5 genes exhibiting the greatest NRF2-dependence is 

shown in WT and Nrf2−/− BMDMs and in WT BMDMS treated with NAC.
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Figure 6. Identification and Analysis of 12 IR-Specific Genes: Roles of NRF2 and p53 in IR 
Specificity
(A) A dot plot displays the Log2 fold induction by Lipid A and IR for 42 commonly induced 

ERGs and 45 commonly induced LRGs.

(B) The graph displays the maximum fold induction of the 12 IR-specific genes by IR and 

Lipid A.

(C) A heat map shows the expression kinetics (percent of maximum expression) for the 12 

IR-specific genes following treatment with IR (column 1–6) and Lipid A (column 7–11). 

Columns 12–15 highlight the dependence of each IR-specific ERG on ATM, MAPKs, NRF2 

and ROS.

(D) The scatter plot at the left shows the maximum transcript levels for commonly induced 

ERGs in p53−/− (y-axis) and Atm−/− (x-axis) BMDMs. The two genes containing p53 

binding sites within 1 kb of the TSS are highlighted in blue (see Figure 7). The center plot 

displays maximum transcript levels for IR-specific ERGs in p53−/− (y-axis) and Atm−/− (x-

axis) BMDMs. NRF2-independent genes are highlighted in blue. The right plot displays 

maximum transcript levels for IFNAR-dependent LRGs, commonly induced IFNAR-
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independent LRGs, and IR-specific IFNAR-independent LRGs in p53−/− (y-axis) and 

Atm−/− (x-axis) BMDMs.
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Figure 7. A Precise Correlation between Strong p53 Binding within 1 kb of the TSS and Strong 
p53 Dependence of IR-Induced Genes
(A) The heat maps summarize the expression kinetics of the 99 IR-induced genes in 

BMDMs treated with IR (columns 1–6) and Lipid A (columns 7–11). The impacts of the 

various perturbations examined in this study are also shown (columns 12–17). The genes are 

separated into distinct classes on the basis of their specific dependencies. All values 

represent averages from 2 independent RNA-seq experiments performed with different 

BMDM preparations; each experiment with mutant BMDMs was performed with a parallel 

and full time-course with WT BMDMs.
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(B) The scatter plot shows the maximum transcript level for each of the 99 IR-induced genes 

in p53−/− BMDMs (y-axis), along with the p-p53 ChIP-seq peak score within 1 kb of the 

TSS for each gene. Note that the 6 ERGs exhibiting the strongest p53-dependence are the 

only genes exhibiting exceptionally strong p-p53 ChIP-seq peaks within 1 kb of the TSS. 

The 2 p53-dependent LRGs lack p-p53 binding sites within 1 kb of the TSS

(C) The scatter plot displays the strongest p53 binding site motif score within 1 kb of the 

TSS for each of the 99 IR-induced genes, along with the p-p53 ChIP-seq peak score within 1 

kb of the TSS for each gene. See also Figures S5–S7.
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