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Figure 8. DNA damage leads to the appearance of cytosolic DNA. A, staining of BC2 cells for the presence of ssDNA (left columns) or dsDNA (right columns) in
the presence of DAPI (first and third column). BC2 cells were pretreated with 10 pmol/L of the ATM inhibitor KU55933, the ATR inhibitor VE-821,
KU55933-+VE-821, or DMSO followed by treatment with DMSO or 10 pmol/L Ara-C for 14 hours. BC2 cells were treated with RNase and stained with ssDNA-
or dsDNA-specific antibodies (red) and DAPI (blue). B, Yac-1 cells were treated with 10 pmol/L KU55933, VE-821, KU55933+-VE-821, or DMSO

for 14 hours and stained as outlined in A. C, DMSO (left) or 4 pmol/L aphidicolin-treated (middle; 14 hours) BC2 cells and Yac-1 cells (right) were incubated with
the dsDNA-specific dye PicoGreen (green) for 1 hour and MitoTracker dye (red) for 15 minutes. Z-stack images were acquired by confocal microscopy
and analyzed using Imaris software to generate iso-surface plots. White arrows, presence of cytosolic DNA.

inhibitor of nuclear DNA synthesis that activates the DDR but
does not affect replication of mitochondrial DNA (Fig. 5C;
Supplementary Fig. S4D;
of confocal microscopy data showed that most cytosolic DNA is
present outside of mitochondria in Yac-1 and Ara-C-treated

inhibition of ATM and ATR did not abrogate RAE] expression
in Yac-1 cells, suggesting that RAE1 expression is regulated by
additional pathways (25). In summary, our data suggest that
appearance of cytosolic DNA depends on the DDR and is
rapidly turned over.

ref. 29). Three-dimensional rendering

BC2 cells (Fig. 5C; Supplementary Figs. $4D and S5).

To test whether the DDR influences the occurrence of
cytosolic DNA, we pretreated BC2 cells with ATM and/or ATR
inhibitors before treatment with Ara-C. Blocking of ATM and
ATR prevented appearance of cytosolic DNA in response to
Ara-C (Fig. 5A; Supplementary Fig. S6A). Strikingly, cytosolic
DNA present in Yac-1 cells disappeared after inhibition of ATR
for 14 hours (Fig. 5B; Supplementary Fig. S6B). Inhibition of
ATM had a less pronounced effect on the occurrence of
cytosolic DNA in agreement with effects observed on RAE1
expression and phosphorylation of IRF3 and TBK1 (Fig. 5A and
B). However, the disappearance of cytosolic DNA in response to

Cytosolic DNA induces RAE1 expression

To test whether cytosolic DNA induces RAE1 expression in
BC2 cells, we transfected cells with Alexa-488-labeled plasmid
DNA, genomic DNA, or ssDNA. We were unable to purify
sufficient quantities of cytosolic DNA to determine whether
cytosolic DNA present in Ara-C—treated BC2 cells directly
induces RAE]1 expression. Alexa-488-positive BC2 cells upre-
gulated expression of RAE], although to a lesser degree than
Ara-C-treated cells (Fig. 6A).

The presence of DNA in the cytosol activates STING-depen-
dent DNA sensors, leading to the activation of TBK1 and
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Figure 6, RAE1 expression is induced by cytosolic DNA and depends on STING. A, BC2 cells were transfected with 4 g Alexa-488-labeled MSCV-IRES-Gfp
plasmid DNA, C57BL/6 genomic DNA, or ssDNA. Some cells were treated with 10 pumol/l. Ara-C or DMSO. Sixteen hours later, BC2 cells were

stained for indicated NKG2DLs and analyzed by flow cytometry. Bold line, Ara-C~treated or Alexa-488" cells; dashed line, Alexa-488"~ or DMSO-treated cells;
fine line, isotype staining of Ara-C~treated or Alexa-488" cells; dotted line, isotype staining of Alexa-488" cells; filled histograms, isotype staining

of DMSO-treated cells. B, MEFs expressing nonfunctional or WT Sting were transduced with retroviral vectors encoding Sting or empty vector. Eight days after
selection, cells were treated with 10 pumol/L Ara-C for 16 hours (bold line) or DMSO (fine line) and stained for indicated NKG2DLs. Isotype stainings

of DMSO (filled histogram) or Ara-C~treated cells (dashed line) are shown. C, Sting-, Zbp1/Dai- and Rig-/-specific (bold line) or control shRNAs-transduced
{fine line) BC2 cells were treated with 10 pmol/L. Ara-C for 16 hours. Gene-specific (dashed line) or control shRNA-transduced (dotted ling) BC2 cells
were also treated with DMSO for 16 hours. NKG2DL expression was analyzed by flow cytometry. Filled histograms, isotype staining of Ara-C-treated cells.
D, Sting~, Zbp1/Dai-, and Rig-I-specific (bold lines) or control shRNA-transduced (fine line) Yac-1 cells were stained for NKG2DL expression. isotype
staining of gene-specific (dashed line) or control shRNA ffilled histogram)-transduced Yac-1 cells is shown. MF! = SD are indicated.

IRF3 (8). We therefore tested whether STING is necessary for
RAE1 expression in cells exposed to genotoxic stress. MEFs
harboring a loss-of-function Sting mutation failed to upregu-
late RAE1 in response to Ara-C (Fig. 6B). Reconstitution of Sting
expression resulted in restored inducibility of RAE1 in the cells.
Furthermore, RAE1 induction by Ara-C was impaired in BC2
cells expressing a Sting-specific shRNA (Fig. 6C) and Sting
inhibition in Yac-1 cells resulted in reduced constitutive RAE1
expression (Fig. 6D).

Next, we tested the requirement in RAE1 induction for one
candidate STING-dependent DNA sensor, ZBP/DA], that acti-
vates IRF3 (8). Knockdown of Zbpl/Dai partly inhibited
the upregulation of RAE10BY in response to Ara-C, but had
little effect on RAE1BS (Fig. 6C). In contrast, knockdown of
Zbpl/Dai modestly inhibited RAEIBS but not RAElofy
expression in Yac-1 cells (Fig. 6D). Inhibition of Rig-I, a RNA
sensor that may indirectly mediate responses to cytosolic
DNA, had no effect on RAE1 expression in BC2 or Yac-1 cells
(Fig. 6C and D). Hence, DNA sensors other than ZBP1/DAI
are likely to participate in inducing RAE] expression in re-
sponse to DNA damage, in line with other evidence suggesting
the existence of DNA sensors that act redundantly (30). Taken
together, these data suggest that cytosolic DNA sensor path-
ways regulate RAE1 expression in cells exposed to DNA damage.

IRF3 regulates RAEL expression in B-cell lymphomas of
Ep-Myc mice

To address whether IRF3 regulates RAEl expression in
lymphomas, Irf3-deficient mice were bred to mice overexpres-
sing c-Myc under the control of immunoglobulin heavy-chain
enhancer region (Ep), analogous to human Burkitt lymphoma
(31). Spontaneous B220'" B-cell lymphomas develop by 15 to
20 weeks of age and the progression of lymphomas is accel-
erated in NKG2D™/ ~;Ep-Myc mice (4, 32). Tumor cells in Ep-
Myc mice express phosphorylated ATM (ATMpS1981; Fig. 7A;
ref. 19). Staining of tumor cells with a dsDNA-specific antibody
revealed the presence of cytosolic dsDNA in B220'" tumor
cells, but not normal B220™ B cells (Fig. 7B). The accumulation
of cytosolic DNA was strictly dependent on the DDR as
administration of the ATM inhibitor KU55933 resulted in
reduced levels of cytosolic dsDNA (Fig. 7C). If3™~;Epu-Myc
mice (median survival = 62 days) experienced a significantly
reduced survival rate compared with Irfi’*l *Eu-Myc mice
(median survival = 116 days; Fig. 7D). We were not able to
generate Irf3~' "Eu-Myc mice because I3 T EW-Myc mice
failed to breed. Heterozygosity of Irf3 in El-Myc mice resulted
in 2.5-fold decrease of IRF3 levels and reduced expression of
IRF3 target genes in splenic B-cell ymphomas when compared
with Irf3"+Ep-Myc mice, suggesting that cytosolic DNA in
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Figure 7. RAE1 expression in c-Myc-driven lymphomas depends on IRF3. A, immunobilot analysis of splenic B-cell lymphomas (>78% purity) from I3
Eu-Mye, Irf3™* Eu-Myc, Irf3*"+;WT, Irf3™/~;WT, and /rf3~'~;WT probed with antibodies for IRF3, BCL2L12, ATM, ATMpS1981, and GAPDH (left).
Densitometry analysis of immunoblots showing mean £SD from three mice normalized to GAPDH levels; **, P<0.01. B, B220™ (green) cells of WT and Ep-Myc
mice were stained for dsDNA (red) in the presence of DAPI (blue) at 54 days of age. C, Eu-Myc mice were injected intraperitoneally with 5 mg/kg KU55833
(n = 3) or vehicle (n = 3) at 34 and 36 days of age and stained for dsDNA {red), B220 (green), and DAPI (blue) at 38 days of age. D, lrf3+";Eu—Myc mice
(thick) exhibit decreased survival compared with Irf3+/+;Eu-Myc (thin line), nontransgenic (dashed line), or I3~ (dotted line) mice. The Kaplan-Meier
analysis of survival of Irf3*/*;Ep-Myc mice (n = 25; median survival, 116 days), /f3*/~;Ep-Myc mice (n = 17; median survival, 62 days), and

13" or IrF3™'~ mice (n = 25; median survival, >250 days). P < 0.0001 by log-rank test or by the Gehan-Breslow-Wilcoxon test. E, relative mRNA levels of
indicated IRF3 target genes in purified tumor cells of 13+ ~;Eu-myc and 3™ *;Epn-Myc mice were measured by qRT-PCR. F, RAE1e expression
intumor cells of three Irf3*~;Ep-Myc mice. B220™ cells in blood of moribund irf3*~;Ep-Myc, If3++;Eu-Mye, and C57BL/6 mice (bold line) were stained for
the indicated NKG2D ligand expression. Filled histogram, isotype staining of B220"°" tumors. G, Bcl2/12-IRES-Gfp (red line) or IRES-Gfp-transduced
(blueling) BC2 (left) or EuM1 (right) cells were stained for the indicated NKG2DLs 3 days postiransduction. Dashed line, isotype staining of Bei2/12-IRES-Gfp-
transduced cells. Fine line, isotype staining of IRES-Gfp-transduced cells. Filled histograms, isotype staining of untransduced cells. H, IL-2-activated
NK cells derived from Irf3™" ~;Eu-Myc (white squares, n = 8) or 3™ *Eu-Myc (black circles, n = 7) mice were cocultured with Yac-1 cells at an effector
to target ratio of 3:1. After 4 hours, the percentage of CD107a and IFN-y—expressing NK1.1*CD3™ cells was determined by flow cytometry

(left and middle). Freshly isolated splenocytes of i3’ ~;Ep-Myc (white squares, n = 4) and I3+ *;Eu-Myc (black circles, n = 4) mice were stimulated

in vitro for 5 hours on plates coated with NKG2D-specific antibodies (MI-8, 10 pg/mL) or isotype control (10 ug/mL) before staining and analysis. Intracellular
IFN-y was detected by flow cytometry gated on NK1.1"CD3™ cells (right). Error bar denotes SE of mean.
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lymphomas activates IRF3 (Fig. 7A and E). Importantly,
reduced levels of IRF3 in lymphomas impaired RAE1€ expres-
sion, the only RAEL family member detected in Ey-Mye tumor
cells (Fig. 7F; ref. 33).

The null mutation introduced into the [f3 allele also
resulted in functional inactivation of the neighboring Bel2l12
gene, which promotes or suppresses tumorigenesis depending
on the cellular context (34, 35). However, heterozygosity of the
gene-targeted locus did not result in reduced BCL2L12 levels or
changes in the rate of apoptosis or proliferation of lymphomas
(Supplementary Figs. S7A and S7B; Fig. 7A). Overexpression of
Bel2112 in BC2 and EuM1 cells, two cell lines derived from Ep-
Mye mice, had no effect on RAE1 expression, proliferation, or
apoptosis (Fig. 7G; Supplementary Figs. S7C and S7D). We
previously found that NK cells and T cells contribute to
immunosurveillance in Ep-Myce mice (18). However, Irf3 defi-
ciency had no impact on NK- and T-cell numbers or NK cell
activity (Fig. 7H; ref. 36). In summary, our data suggest that
RAE1 ligands are regulated by IRF3 in lymphomas of Epu-Myc
mice. Interestingly, IRF3 is likely to have additional functions in
immunosurveillance as NKG2D deficiency increases the tumor
load of Ep-Myc mice, but has no impact on survival (4).

Discussion

Our previous results provided evidence that the DDR acti-
vates immune responses by inducing NKG2DLs (6). Here, we
show that cytosolic DNA contributes to the induction of RAE1
expression in lymphoma cells in response to DNA damage for
the following reasons: (i) inhibition of the DDR impaired the
induction of cytosolic DNA and RAE1 molecules; (ii) transfec-
tion of DNA into cells upregulated RAEL expression; (iif)
inhibition of STING, TBK1, or IRF3 impaired RAE1 expression;
(iv) TBK1 and IRF3 were activated in response to DNA damage
in a DDR-dependent manner; and (v) overexpression of TBK1
or IKKe induced RAE1 expression.

Linking the DDR to STING-initiated pathways is of interest
immunologically, because STING is a critical component of a
major pathway common to receptors that detect cytosolic
DNA and RNA of pathogens (8). Previous studies provided
indications that the DDR induces phosphorylation of IRF3 and
that certain Toll-like receptor agonists induce Raetl gene
expression in peritoneal macrophages (37), but the linkage of
these pathways had not been explored. Much remains to be
determined about the relation of the DDR and STING path-
ways. We observed less phosphorylation of IRF3 in response to
DNA damage when compared with LPS, suggesting that IRF3
translocation and transcriptional activity is differentially reg-
ulated in response to DNA damage. Consistent with this
possibility, Noyce and colleagues reported that no minimal
posttranslational modification of IRF3 correlated with its
transcriptional activity (38). Of interest was that DNA damage
consistently led to lower induction of IFN than Poly I:C. The
reduced induction likely reflects the fact that the DDR failed to
induce IRF7 activation, which is necessary for efficient tran-
scription of IFN genes (data not shown).

Cytosolic DNA has been shown to be present in cells upon
infection or the uptake of apoptotic cells (8). Our data show the

presence of cytosolic DNA in uninfected lymphoma cell lines.
An intriguing question is where cytosolic DNA originates from
and the mechanism leading to cytosolic DNA in tumor cells.
DNA damage is known to induce transcription of retroele-
ments, including transposases, derived from functional endog-
enous retrovirus present in the genome (39). Alternatively,
cytosolic DNA could be generated during DDR-dependent
DNA repair that can result in deletion of genomic DNA.

An important question is the nature of the DNA sensor
recognizing the cytosolic DNA. The induction of RAE1 by
Ara-C partially relied on ZBP1/DAIL ZBP1/DAl is a candidate
sensor that is reported to activate TBK1/IRF3 (40). However,
additional TBK1-activating DNA sensors exist as MEFs from
Zbpl™'~-deficient mice mount a normal type I IFN response
to DNA (18, 30). These sensors may be required for consti-
tutive RAEL expression in Yac-1 cells. Hence, unidentified
DNA sensors may play a predominant role in YAC-1 cells, or
may function redundantly with ZBP1/DA], in the induction
of RAEL

NKG2D plays an important role in immunosurveillance of
tumors in El-Mye mice (4, 5). The accelerated development of
lymphoma in Irf3/Bel2l12"~Ep-Myc mice when compared
with NKG2D-deficient mice suggests that IRF3 induces the
expression of molecules other than RAE1 ligands important for
immunosurveillance or suppression of tumorigenesis. IRF3
and BCL2L12 are known to induce genes implicated in apo-
ptosis (11). However, we observed no differences in the rates of
apoptosis or proliferation comparing WT and heterozygous
tumor cells, suggesting that accelerated tumorigenesis of Irf3/
Bcl2l12™~Bu-Myc mice is not due to effects of IRF3 or
BCL2L12 on apoptosis or proliferation. In summary, our data
suggest that tumorigenesis leads to accumulation of cytosolic
DNA and subsequent activation of an antitumor immune
response that may partially depend on NKG2D.
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