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Amplification of the MYC proto-oncogene is frequently
observed in various cancer types, including triple-negative
breast cancer (TNBC). Emerging evidence suggests that sup-
pression of local antitumor immune responses by MYC, at least
in part, explains the tumor-promoting effects of MYC. Specif-
ically, MYC upregulation was demonstrated to suppress the
tumor-cell intrinsic activation of a type I interferon response
and thereby hamper innate inflammatory signaling, which may
contribute to the disappointing response to immunotherapy in
patients with TNBC. In this study, we show that MYC in-
terferes with protein expression and functionality of the STING
pathway. MYC-mediated STING downregulation in BT-549
and MDA-MB-231 TNBC cell lines requires the DNA-
binding ability of MYC and is independent of binding of
MYC to its co-repressor MIZ1. Both STAT1 and STAT3 pro-
mote the steady-state expression levels of STING, and STAT3
cooperates with MYC in regulating STING. Conversely, MYC-
mediated downregulation of STING affects protein levels of
STAT1 and downstream chemokine production. Furthermore,
we show that MYC overexpression hampers immune cell
activation triggered by DNA damage through etoposide or
irradiation treatment and specifically impedes the activation of
natural killer cells. Collectively, these results show that MYC
controls STING levels and thereby regulates tumor -cell-
intrinsic inflammatory signaling. These results contribute to
our understanding of how MYC suppresses inflammatory
signaling in TNBC and may explain why a large fraction of
patients with TNBC do not benefit from immunotherapy.

Triple-negative breast cancer (TNBC) accounts for 15 to
20% of all breast cancer cases and is associated with an
increased likelihood of distant recurrence and mortality when
compared to other types of breast cancer (1). TNBCs lack
expression of the ER, PR, and HER2 receptors and are char-
acterized by elevated levels of genomic instability (2, 3). The
current standard-of-care for patients with TNBC involves
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radiotherapy and chemotherapy (4). Due to their high level of
genomic instability, TNBCs would be expected to be highly
immunogenic (5, 6), and as a consequence thereof, TNBCs
were expected to respond favorably to immune checkpoint
inhibitor treatment (5). While immunotherapy holds signifi-
cant promise for the treatment of TNBC, reported response
rates to single-agent immune checkpoint inhibition are
limited, while favorable responses were observed to combined
immune checkpoint inhibition with chemotherapy in a subset
of patients (7, 8). Clearly, there is substantial opportunity for
further advancement of immune checkpoint inhibition in pa-
tients with TNBC.

An important factor in driving the response to immune
checkpoint inhibitors is interferon (IFN) signaling (9, 10).
Genomic instability, either caused by tumor cell-intrinsic fac-
tors or caused by DNA damage induced by exogenous sources,
such as genotoxic chemotherapeutics, is increasingly recog-
nized to instigate inflammatory signaling (6, 11, 12). Specif-
ically, DNA damage leads to activation of a range of
cytoplasmic pattern recognition receptors, including cGAS
(cyclic GMP-AMP synthase), which recognizes cytoplasmic
dsDNA and induces a type I IEN response via its adaptor
protein STING (stimulator of interferon genes) (13—16). Various
types of genotoxic treatment were demonstrated to induce
cGAS-STING signaling, including irradiation, cisplatin, and
hydroxy urea (12, 17). Subsequently, the cytokines and che-
mokines that are secreted upon DNA damage—induced cGAS-
STING activation modify the tumor micro-environment (15)
and lead to attraction and activation of immune cells to clear
tumor cells. However, TNBCs have apparently evolved mech-
anisms to escape clearance by the immune system, which
counteracts treatment efficacy.

TNBCs are characterized by extensive amounts of genomic
alterations (18, 19). A particular recurrent genomic alteration
involves focal amplification of the MYC proto-oncogene,
which affects approximately 15 to 40% of all TNBCs
(20-23). MYC is a transcriptional regulator, which interacts
with MAX to form the MYC-MAX complex that drives
transcriptional activation of a large group of target genes

J. Biol. Chem. (2025) 301(6) 108560 1

© 2025 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2025.108560
Delta:1_given-name
https://orcid.org/0000-0001-7604-7356
Delta:1_surname
Delta:1_given-name
https://orcid.org/0000-0002-6078-8333
Delta:1_surname
https://orcid.org/0000-0002-0277-9586
Delta:1_given-name
https://orcid.org/0000-0003-1479-0739
Delta:1_surname
Delta:1_given-name
Delta:1_surname
https://orcid.org/0000-0002-2613-1506
Delta:1_given-name
https://orcid.org/0000-0002-4830-3401
Delta:1_surname
Delta:1_given-name
Delta:1_surname
mailto:m.vugt@umcg.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2025.108560&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

MYC suppresses STING expression

(24-26). Conversely, when the MYC-MAX complex is bound
to the transcription repressor MIZ1, MYC can suppress the
expression of target genes (27, 28).

MYC is a known driver oncogene in a range of tumor
subtypes (29). Increasing evidence suggests that part of the
tumor-promoting effects of MYC involves the suppression of
local antitumor immune responses (30). For example, over-
expression of MYC in a mouse model of lung adenocarcinoma
caused reprogramming of surrounding stromal cells and
resulted in the attraction of immune-suppressive and tumor-
promoting immune cells (31). A similar pattern was observed
in a mouse model of pancreatic ductal adenocarcinoma, in
which MYC overexpression resulted in an immune-
suppressive tumor microenvironment, involving the loss of
intratumoral CD3+ T cells (32). Moreover, MYC has been
found to directly suppress genes associated with the type I
IEN pathway in a MIZ1-dependent manner in both pancreatic
ductal adenocarcinoma and TNBC models, leading to reduced
infiltration of antitumor immune cells (20, 32, 33). Collec-
tively, these findings indicate that MYC acts as a cancer cell-
intrinsic factor that promotes immune evasion of tumors (34).
However, how exactly MYC regulates cGAS-STING-IEN
signaling remains incompletely clear. In this study, using
triple-negative cell lines BT-549 and MDA-MB-231, we show
that MYC downregulates STING protein levels and that
MYC-mediated suppression of STING leads to a decreased

Results

MYC suppresses STING expression at the protein and mRNA
level

To determine the effects of MYC overexpression on the
abundance of ¢cGAS-STING pathway components, BT-549
TNBC cells with doxycycline (Dox)-inducible overexpression
of MYC were analyzed. Whereas the expression of cGAS, IRF3,
TBK1 remained unaffected upon MYC overexpression, we
observed a notable decrease in the protein abundance of
STING and STAT1, which was not observed in Dox-treated
control cells (Fig. 1A4). Conversely, when MYC expression
was decreased using shRNA-mediated MYC depletion in BT-
549 cells, the protein levels of STING and STAT1 were
significantly increased (Fig. 1B). To investigate whether MYC
modulated STING at the transcriptional level, STING mRNA
levels were analyzed in a panel of TNBC cell lines (BT-549,
HCC-1806, MDA-MB-231) and immortalized epithelial RPE1-
TP537'~ cells. In line with the observed changes at the STING
protein level, MYC overexpression resulted in the down-
regulation of STING mRNA in all tested cell lines (Fig. 1C).
The suppression of STING by MYC was also observed in ER"/
HER2™ MCF?7 breast cancer cells (Fig. S1A).

MYC mRNA expression is inversely correlated with STING
mRNA expression in multiple cancer types

type I IFN response induced by radiotherapy and To analyze whether the observed inverse relation between
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Figure 1. MYC Suppresses STING expression at both protein and mRNA levels and shows an inverse correlation with STING mRNA expression
across multiple cancer types. A, BT-549 cells transduced with doxycycline-inducible MYC constructs were treated with doxycycline (10 ng/ml) for 48 hours.
Immunoblotting was performed for MYC, cGAS, STING, TBK1, IRF3, STAT1, and vinculin. Molecular weight markers are indicated. Quantification of STING
levels from three independent experiments is indicated. p values were calculated using an unpaired two-tailed Student'’s t test. Mean and SD are plotted. B,
BT-549 cells stable expressing the indicated shRNAs were treated with doxycycline (dox, 1pig/mL) for 72 h. Immunoblotting was conducted for the indicated
proteins. Quantification of STING protein levels from four independent experiments is indicated. p values were calculated using an unpaired two-tailed
Student’s t test. Mean and SD are plotted. C, analysis of STING mRNA read counts in BT-549, MDA-MB-231, HCC-1806, and RPE-1 TP53~~ cell lines
expressing doxycycline (dox)-inducible MYC constructs. Cells were treated with doxycycline for 48 h. Violin plots display the data distribution, with box and

whiskers indicating the median and interquartile ranges for each condition.
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investigated MYC and STING mRNA levels across multiple
cancer subtypes, using the TCGA cohort (35). In agreement
with our observations in cell line models, MYC mRNA
expression was inversely correlated with STING mRNA
expression across various cancer types, including breast can-
cer, and most prominently in gastric adenocarcinoma (Fig. 24,
Table S1). When analyzing the different breast cancer subtypes
in the TCGA dataset, MYC amplification showed a statistically
significant association with decreased STING mRNA levels in
ER"/HER2™ breast cancers (Fig. 2B, Table S1). Although a
trend in inverse correlation between MYC amplification and
STING mRNA expression was also observed in other breast
cancer subtypes within the TCGA cohort, these did not show
statistical significance, likely due to the limited number of
samples per breast cancer subtype in our analysis (Fig. 2C).
Yet, TNBCs showed the highest percentage of MYC
amplification (Fig. 2C). To extend our analysis to a second
cohort, we analyzed the METABRIC dataset (36). MYC and
STING mRNA levels were inversely correlated, especially in
basal-like breast cancers (Fig. 2D), a molecularly defined breast
cancer subtype which encompasses the majority of TNBCs.
Importantly, MYC mRNA expression was also correlated
with decreased immune cell abundance, particularly T cells, B
cells, and NK cells, in the tumor microenvironment of HER2*
and basal-like breast cancers (Fig. 2D). In line with expecta-
tions, STING mRNA was positively correlated with immune
cell presence in the tumor microenvironment (Fig. 2E). Similar
results were obtained when mRNA levels of MYC and
STING were correlated to immune cell composition in TCGA
breast cancer samples (Fig. 2, F and G). Because 1) STING
downregulation was observed in multiple TNBC cell line
models (Fig. 1, A-C), 2) MYC amplification is most frequently
observed in TNBCs among breast cancer subtypes, and 3)
because the strongest inverse relation between MYC
expression and immune cell composition was observed in
basal-like breast cancers, we further focused on TNBC models.

Regulation of STING by MYC requires its DNA-binding domain,
but is independent of MIZ1

Previous studies revealed that MYC suppresses IFN-related
genes in conjunction with the transcriptional repressor MIZ1
(20, 32, 33). We therefore investigated whether MYC regu-
lates STING levels in a similar fashion, using a panel of
separation-of-function MYC variants. Specifically, we
analyzed MYC™®4, showing increased stability (37, 38),
MYCY?**P, which cannot interact with MIZ1 and is unable to
repress transcription (39, 40), and MYCY2%P " which is
defective in MAX binding and therefore cannot interact with
DNA and cannot regulate transcriptional activation or
repression (Fig. 3A) (41). These MYC variants were stably
expressed in BT-549 and MDA-MB-231 TNBC cells, fol-
lowed by the analysis of STING levels. As anticipated,
expression of MYCY" and MYC™®** resulted in the down-
regulation of STING expression in MDA-MB-231 and BT-
549 cells (Figs. 3B, and S1, B and C). By contrast, the
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introduction of MYC"**°" did not lead to downregulation of
STING, indicating that the DNA-binding ability of MYC is
crucial for suppressing STING levels (Figs. 3B and S1B).
Surprisingly, expression of MYCY?***P did suppress STING
levels, showing that the interaction between MYC and MIZ is
not required for regulating STING levels and that down-
regulation of STING by MYC is likely not explained by
transcriptional repression by the MYC-MIZ complex
(Figs. 3B and S1B). In line with these findings, shRNA-
mediated depletion of MIZ1 did not lead to increased
STING levels (Fig. 3C).

To investigate the effects of the MYC mutants on down-
stream signaling of STING, a THP-1 cell line with a STING-
specific fluorescence reporter (tdTomato) was used, driven
by five tandem interferon-stimulated response elements
(ISREs) (Fig. 3D) (42). Although THP-1 cells are not of TNBC
origin, THP-1 express high levels of STING compared to other
cell lines, making THP-1-ISRE-tdTomato cells particularly
suitable for analyzing STING signaling at the single cell level
(42). STING signaling in these experiments was induced by
treatment with the STING agonist MSA2 (43), which resulted
in a robust activation of the ISRE reporter (Figs. 3E, S1D).
Expression of MYCYT, MYC™®*, and MYCY***" all signifi-
cantly decreased reporter activation upon treatment with the
STING agonist MSA2 (Figs. 3, E and F, and S1, E and F).
Moreover, the inhibition of STING signaling by these three
MYC variants was dependent on gene dosage, with higher
MYC expression levels leading to increased suppression of the
ISRE reporter (Fig. 2E). In contrast, overexpression of
MYC2P allowed full activation of the reporter, indepen-
dently of expression levels (Figs. 2E, S1, C and D). Taken
together, these results show that DNA-binding activity of
MYC is essential for the regulation of STING expression and
downstream signaling, whereas STING regulation by MYC is
independent of MIZ1.

No evidence of direct suppression of the STING promoter by
MYC

Because of the observed requirement of DNA-binding ac-
tivity of MYC for STING suppression, we tested if MYC
directly interacted with the STING promoter. We did not find
evidence for the direct binding of MYC to the STING pro-
moter using chromatin immunoprecipitation (ChIP-qPCR),
whereas we did observe MYC binding to the previously re-
ported MYC target gene APEXI (Fig. S1G). These data align
with previously reported ChIP-Seq analyses in which STING
was not identified as a direct MYC target (44), but are in
contrast with a previously reported interaction of MYC with
STING in taxol-resistant cells. These results did not provide
evidence of MYC binding to STING, pointing to indirect
regulation of STING expression by MYC. We additionally
investigated whether MYC could regulate the STING pro-
moter through DNA methylation, as previous studies have
suggested a potential role for epigenetic regulation by MYC,
including through the DNA methyltransferase DNMT1
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the METABRIC cohort. F, correlation analysis between MYC mRNA expression and STING mRNA expression and immune cell composition in the TCGA breast

neutral  MYC amplified ifi
s (n=7§’) M neutral ll MYC amplified
STING mRNA (METABRIC) Correlation
Al-1@® ©® 0 000 ® 0 00
(n=1980) ® 03
umA- @ © @ @ © @ @ © @ o @ o
(n=700) :
:-u?;tst [ ) ® o6 06 0 o ® ©® | pPoscCor
=
® P<0.05
HER2 { ]
HER2 1@ © @ @ © @ O { 3 ) 0.0
Bf:lzsoaélf‘.........
0209 \ \ \ \ T
0 2 H 2 9o @ ¥ L 0 2
LIS LS
S £ o e § 9 S
oS DECERCEN
® S <&
9 S F
$ $
& <
STING mRNA (TCGA) Correlation
@ 02
Al
N eeeeeeeee0e|
:_u‘r‘r;::‘)—.......... @ os
=
LwmB- @ ® ©® © © ® ® @ o @ | PosCor
(n=197) @® P<0.05
'E'Eng)z_ 000 0 00 oo P>0.05
-
B2 @ © O © OO © O O O
=1 L T T T T T T T T T
o 2 ) ) 2] (4 L % L ¥
8 FEILTLELS
ST TFyLHESe
N o > >
g S <
9 S F
3 N
& S

cancer cohort. G, correlation analysis between STING mRNA expression and immune cell composition in the TCGA breast cancer cohort.

4 | Biol. Chem. (2025) 301(6) 108560

SASBMB



MYC suppresses STING expression

T58 V3941420
NY 7AD domain N bHLH] )

mutation  characteristic

T58A increased stability
V394D MIZ1 binding deficiency
L420P MAX binding deficiency
B « P o ¥ 40
9 *Q\N \{0‘6 \(O“% b b p=05757
A2 ML | R & e
wa - + - + - + - 4+ - + dox fé’a:;_o_
p=0.0357
o] - am == em|uvc £ =
= ]
421--—-—----‘STING g 20
95 o o PX00001  p=00001  p=00293
72]_—‘————_"-—|HSP90 Z 10 em -n an - -
MDA-MB-231 a3 a
0.0
- + - + + - + - + dox
N 3 ' \o} °
© N\\(O@ \{o,‘c_,‘b OQ’bo-’b‘ O\’D«qp
W \\\( \\‘(
C 2.0
shMIZ1 shMIZA ) .
shluc _ #1 #2 g 190
';Dg - + - + - + dox S :
k]
80]”____, o |MIZ1 g 104 e @ [ X ) [ X )
O o e e o wsSTING 2 05
go
1251- - - G = —l vinculin @
0
- + - + - + dox
shLUC  shMIZ1 shMIZ1
D #1 #2
THP-1 cells with ISRE reporter
— ;
Transduction Treatment
| SxISRE ” mmIFNB"thomatol MYC T2A blueberry +/- MSA2 (24h) Flow cytometry
mutants
MYC WT MYC T58A MYC V394D MYC L420P
no
% ‘MVC T2A blueberry
g 8 expression
=]
S8
g
o ()
>
§ 3

3 5 6 g 5
10 10 10 10 10 10

— —
tdTomato expression tdTomato expression

3 3 5
10 10 10

— —
tdTomato expression tdTomato expression

MYC WT MYC T58A MYC V394D MYC L420P
= <0.0001
S12E49 __p<0000T Siopaq — 20005 S 12E4 20,0001 S12e4 e no
‘@ =0.0001 ] p=0.0016 ‘@ —p=S2 » °
@ —p=0.0001 @ p=0.0205 @ p=0.0010 @ o \ MYC T2A blueberry
©10E44 p=0.0016 ©10E4{ P O 10E4d T O 10E4 . expression
£ g £ g
) O 8E4 © 8E4 '!' O 8E4
£ 2 7 £ 2 _ p=03775
© © 6E4 T 6E4 S 6E4 =
IS g g g =0.9941
S S S S p=0.7333
= = 4E4 = 4E4 o E 4E4d ——
B =i B oo B
< < 2E4 < 2E4 {— < 2E4
g g 2+ 3 g
E E olaTT— E ol 7r—r— E olo+—7—r
no ‘ no ‘ no ‘
MYC T2A blueberry MYC T2A blueberry MYC T2A blueberry MYC T2A blueberry
expression expression expression expression

Figure 3. Regulation of STING by MYC requires its DNA-bindingdomain but is independent of MIZ1 binding. A, schematic overview of MYC variants
with separation-of-function mutations affecting transcriptional activation and repression. B, immunoblotting for MYC, STING, and HSP90 in MDA-MB-
231 cells expressing doxycycline (dox)-inducible MYC variants. Cells were treated with doxycycline for 72 h. Quantification of STING levels from four in-
dependent experiments. p values were calculated using a unpaired two-tailed Student’s t test. C, immunoblotting for MIZ1, STING, and vinculin in BT-549
harboring the indicated shRNAs targeting MIZ1. Cells were treated with doxycycline for 72 h. D, graphical representation of the ISRE-driven tdTomato
fluorescence reporter in THP-1 cells and the experimental treatment regimen for (). E and F, ISRE-tdTomato reporter activity in THP-1 cells transduced with
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followed by Sidak’s multiple comparisons test.

(45, 46). However, depletion of DNMT1 using siRNA did not
prevent suppression of STING by MYC (Fig. S2A). To directly
analyze the methylation status of the STING promoter, we
used methylation-specific PCR. We did not observe altered

SASBMB

DNA methylation states of the STING promoter upon over-
expression of MYC at multiple CpG sites (Fig. S2B). Com-
bined, these data do not support a role for MYC in suppression
of STING expression at the promoter level of the STING gene.
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STAT1 and STAT3 control steady-state STING expression
levels, and STAT3 cooperates in MYC-mediated STING
regulation

STING expression is controlled by a positive feedback loop;
STING activation leads to IFN signaling, while it is also an IFN-
stimulated gene, which involves signaling via STAT1 (47). In
agreement with such a regulatory network, MYC over-
expression also resulted in the downregulation of protein levels
of STAT1 (Fig. 1A). To explore a role of STAT1 signaling in the
MYC-mediated suppression of STING, IFN-neutralizing anti-
bodies were used to interfere with STAT1 activation. In line
with expectations, IFN-neutralizing antibodies effectively pre-
vented phosphorylation of STAT1 (Fig. 4A). Notably, despite
the slight decrease in baseline STING protein levels, MYC-
dependent regulation of STING still occurred in the absence
of type I IFN signaling (Fig. 4A). Moreover, STATI gene inac-
tivation using CRISPR/Cas9 also did not prevent the upregu-
lation of STING upon MYC depletion (Fig. 4B). Conversely,
addition of recombinant IFN-B to the culture medium led to a
slight increase in STING expression but did not prevent MYC-
mediated downregulation of STING (Fig. 4C). Combined, these
results show that a type I IEN feedback loop controls basal
STING expression and additionally show that MYC operates
independently of this feed-forward mechanism in regulating
STING levels. In addition to STAT1, also STAT3 has been
demonstrated to modulate inflammatory responses. In contrast
to STAT1, STAT3 was shown to mediate protumorigenic ef-
fects and has been demonstrated to suppress STAT1-mediated
antitumor immune responses (48, 49). To investigate the po-
tential cooperative role of STAT3 and MYC in the regulation of
STING, we generated STAT3 KO BT-549 cells. In contrast to
our expectations, and surprisingly similar to our findings in
STATI1 KO cells, basal STING expression levels were reduced
in STAT3 KO cells (Fig. 4D), indicating that both STAT1 and
STATS3 are involved in driving basal levels of STING expres-
sion. In contrast to STATI KO cells, STAT3 KO cells did not
show upregulation of STING upon MYC depletion, indicating
that MYC cooperates with STAT3 in regulating STING levels
(Fig. 4D). In line with these findings, depletion of STAT3 in
STATI KO cells resulted in an inability of MYC depletion to
upregulate STING (Fig. 4E), which was observed in STAT1 KO
cells (Fig. 4B). To further investigate the role of STAT3 acti-
vation in the regulation of STING levels, STAT3 KO cells were
reconstituted with WT STAT3 or a STAT3 mutant that cannot
be phosphorylated at tyrosine 705 (STAT3Y7°°F) and does not
respond to JAK signaling (Fig. 4F) (50). Whereas the low
STING levels in STAT3 KO cells were rescued upon reconsti-
tution with WT STATS3, reconstitution with STAT3Y”%F failed
to rescue STING levels. Together, these results show that basal
STING expression levels are controlled by both STAT1 and
STATS3 signaling and that STING expression can be modified
by MYC in cooperation with STAT3.

MYC-mediated suppression of STING inhibits downstream
activation of STAT1

Since STAT]1 levels were found to be decreased upon MYC
overexpression, we analyzed if the effects of MYC on STAT1
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expression still occurred in STING KO cells. To this end, we
downregulated MYC in STING KO BT-549 cells. Interestingly,
and in contrast to the effects in STING WT cells, an increase in
STAT1 expression following MYC depletion was not detected
in STING KO cells (Fig. 4G). Conversely, re-expression of
STING in STING KO cells resulted in enhanced STAT1
expression, thereby confirming the role of STING in the
regulation of STAT1 (Fig. 4H). Moreover, not only the in-
crease in STAT1 expression but also the increased CCL5
protein secretion upon MYC depletion was absent in STING
KO cells (Fig. 4]). Importantly, stable expression of a STING
complementary DNA (cDNA) driven by a constitute promoter
in cells overexpressing MYC successfully restored MYC-
mediated downregulation of the chemokine CXCL10, further
supporting the role of STING in MYC-mediated immune
suppression (Fig. S3, B and C). Interestingly, whereas the
modulation of MYC clearly impacted the protein levels of
STAT1, MYC did not affect protein levels of STAT3 (Fig. 4, B
and D). Combined, these findings indicate that MYC-mediated
suppression of STING specifically impacts the activation of the
type I IEN response downstream of STING and affects the
balance between STAT1 and STAT3 signaling (Fig. 4)).

MYC suppresses irradiation or etoposide-induced chemokine
production

To investigate whether MYC could inhibit immune re-
sponses induced by clinically used genotoxic anticancer
treatments, BT-549 cells were treated with irradiation or with
the topoisomerase inhibitor etoposide. Both irradiation and
etoposide treatment induced the formation of micronuclei, of
which a large fraction was cGAS-positive (Fig. 5, A and B).
Both irradiation and etoposide treatment induced the
expression of the IFN-stimulated genes CCL5 and ISG15,
although the observed effects were modest (Fig. 5, C and D).
Furthermore, no significant phosphorylation of STAT1 was
observed, indicating that the activation of the type I IFN
response was moderate (Fig. 5, C and D). Nevertheless, and in
line with previous observations, production of these ISGs was
effectively suppressed by the overexpression of MYCY?, but
not by MYC"**°F (Fig. 5, E and F). Moreover, both CCL5 and
ISG15 induction upon etoposide depended on the expression
of STING, since induction of CCL5 and ISG15 was virtually
absent in STING KO cells (Fig. 5D). Together, these data show
that MYC can effectively dampen chemokine production
induced upon either irradiation or etoposide treatment.

MYC suppresses migration and activation of immune cells

Consistent with previous findings (20), we observed that
MYC depletion caused upregulation of chemokines involved
in mediating immune cells migration to tumor cells (Fig. 64).
To investigate whether MYC could also modulate the
etoposide-induced attraction of peripheral blood mono-
nuclear cells (PBMCs), we measured migration of PBMCs
towards tumor cells in transwell assays (Fig. 6B). Etoposide
led to an increase of approximately 30% in immune cell
migration to BT-549 cells (Fig. 6C). Importantly, MYC
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harboring doxycycline (dox)-inducible shMYC#2 were treated with dox (1 pig/ml) and/or IFN-neutralizing antibodies (1:500) for 5 days. Inmunoblotting was
performed for MYC, pSTAT1, STING, and vinculin. Quantification of STING levels in three biologically independent experiments is shown. Mean and SD are
plotted. B, BT-549 STATT WT and KO cells with indicated shRNAs were treated with doxycycline for 72 h. Immunoblotting was performed for MYC, STATT,
STAT3, STING, and Vinculin. Quantification of STING levels in two biologically independent experiments is shown. Mean and range are plotted. C, BT-
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biologically independent experiments is shown. Mean and SD are plotted. F, BT-549 STAT3 KO cells were transduced with WT or Y705F STAT3.
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Figure 5. MYC suppresses irradiation or etoposide-induced chemokine production. A, representative immunofluorescence images of BT-549 cells,
either left untreated (control) or irradiated (5 Gy), stained with DAPI (blue) and anti-cGAS (green). Scale bar represents 10 M. Quantification of cGAS-positive
micronuclei is shown, with error bars representing the SD of three independent experiments. B, representative immunofluorescence images of BT-549 cells,
either left untreated (control) or treated with etoposide (1 LM) BT-549 for 48 h; cells at different time points. Scale bar represents 5 UM. Quantification of
cGAS-positive micronuclei is indicated for multiple treatment periods, with error bars representing the SD of three independent experiments. C, BT-549 cells
were irradiated (3 Gy) and immunoblotted for pSTAT1, pTBK1, RELB, and STING, and gPCR analysis was done for CCL5 and ISG15 expression. Error bars
represent the SD of four independent replicates. D, BT-549 STING WT and STING KO cells were treated with etoposide (3 Gy) and immunoblotted for pSTATT,
pTBK1, RELB, and STING, and qPCR analysis was done for CCL5 and ISG15 expression. Data of at least three independent replicates are plotted. E and F, gPCR
analysis of MYC and CCL5 expression in MYC WT (blue) and MYC L420P (yellow) overexpressing cells after irradiation (IR) (n = 5, panel E) or etoposide (eto)
treatment (n = 4, panel F). Throughout the figure, statistical analysis was done using unpaired two-tailed Student’s t-tests.

Immunoblotting was performed for MYC, STAT1, STAT3, STING, and actin of one biological replicate. G, BT-549 STING WT and KO cells with indicated shRNAs
were treated with doxycycline for 72 h. Immunoblotting was performed for MYC, STAT1, STING, and vinculin of one biological replicate. H, BT-549 STING KO
cells were transduced with STING cDNA. Immunoblotting was performed for MYC, STAT1, STAT3, and actin of one biological replicate. /, quantification of
CCL5 protein production in BT-549 cells with shMYC, assessed by ELISA after dox treatment for 72 h. Means and SD of six biologically independent ex-
periments is plotted. J, schematic representation of the roles of MYC, STAT1, and STAT3 in controlling STING levels. Statistical analysis in this figure was done
using an unpaired two-tailed Student'’s t test.
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shRNAs in BT-549 cells. Means and SD of three independent experiments is shown. Statistical analysis was done using an unpaired two-tailed Student'’s t
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with error bars representing the SD.

overexpression led to a decrease in PBMC migration
(Fig. 6D). To explore whether tumor cell-intrinsic MYC
expression was also to reduce immune cell-mediated killing,
we measured the ability of NK cells to kill tumor cells. To this
end, we used the NK-92 cell line, displaying the characteris-
tics of activated NK cells, to perform NK cytotoxicity assays
(51). MYC overexpression in tumor cells prevented NK cell-
mediated tumor cell killing, when compared to non-MYC-
overexpressing tumor cells (Fig. 6E). Furthermore, tumor cell
killing was nearly absent in STING KO cells (Fig. 6E), sug-
gesting that STING plays a critical role in NK cell-mediated
killing of MYC-overexpressing tumor cells. Together, these
results imply that MYC overexpression in these tumor sam-
ples are impacting the tumor microenvironment.

Discussion

STING has been reported to play a major role in the activa-
tion of an inflammatory response upon chemotherapy and
radiotherapy (12, 15, 17, 52). In line with this notion, STING
expression and the activation of a type I IFN response were
reported to have predictive value for therapy response in patients
with TNBC (12, 53). STING is differentially expressed across
cancer types, with variation in expression being explained by
both genetic and epigenetic alterations (54). In this work, we
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revealed that MYC and STING expression show an inverse
correlation across cancer types and that MYC represses STING
expression.

The interaction between STING and its downstream
pathway components was reported to mainly occur at peri-
nuclear STING foci (55, 56). Interestingly, previous reports have
demonstrated that high levels of MYC were associated with
decreased formation of perinuclear STING foci in TNBC (11,
57). Also, MYC was shown to dampen the effectiveness of
pharmacological activation of STING by vadimezan (20). In line
with these studies, we noted a decrease in STING signaling in
MYC-overexpressing cells stimulated with the STING agonist
MSAZ2. This observed limited activation and functionality of the
STING signaling pathway could be explained by our observa-
tion that MYC suppresses STING mRNA and protein levels. In
fact, we found that MYC-mediated downregulation of STING
affects downstream factors of the inflammatory response such
as STAT1 expression and STAT1 target proteins, including
CCL5, CXCL10, and ISG-15. These observations align well with
earlier reports, demonstrating that interference with MYC
significantly enhanced cytokine production in a STING-
dependent manner (46). Together, these results suggest that
MYC-mediated suppression of STING plays an important role
in the repression of downstream proteins that are part of the
type I IFN-positive feedback loop.
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We found that the ability of MYC to interact with MAX,
which facilitates DNA binding, is essential for the negative
regulation of STING. We also found that binding of MYC to
the transcriptional repressor MIZ1 is dispensable for sup-
pressing STING expression. These observations are sup-
ported by our ChIP data, which did not show enhanced
binding of MYC to the intragenic regions of STING, sug-
gesting that MYC regulates STING though an indirect
mechanism. However, this is in contrast with previous work
that pointed towards a direct role of MYC in the suppression
of genes that are part of the type I IFN response (20, 32, 46).
This may reflect context-dependence of how MYC operates,
although some studies have reported an indirect role of MYC
in regulating the IFN response. For instance, MYC-mediated
suppression of the type I IFN response was suggested to
involve regulation of genes involved in vesicle transport (58,
59). In addition, it was previously shown that MYC regulates
STING levels via modulation of DNMT1 (45), although we
could not confirm such a regulatory role, and did not observe
differences in the levels of STING promoter methylation.
Strikingly, suppression of inflammatory signaling by MYC
was recently demonstrated to depend on the regulation of
factors upstream in the type-I IFN pathway (58). Specifically,
deletion of TBK1 was demonstrated to bypass a requirement
for MYC expression in immune suppression (58, 59). The
notion that STING activates TBK1 (48), and that TBK1 levels
are not affected by MYC overexpression, highlight the po-
tential relevance of MYC-mediated regulation of STING in
immune suppression.

Interestingly, a recent study showed that MYC and STAT3
can simultaneously bind enhancers of genes in ER" breast
cancers and TNBCs (25). Moreover, STAT3 has been reported
to be a positive regulator of MYC expression and combined
expression of STAT3 and MYC is associated with tumor-
promoting effects (60). In contrast, STAT1 was reported to
be a negative regulator of MYC (61). We found that both
STAT1 and STAT3 signaling are required to maintain steady-
state expression levels of STING. However, whereas STAT1 is
dispensable for STING regulation by MYC, we observed that
MYC and STATS3 cooperate in regulating STING levels. Of
note and expectedly, we observed that STAT3 inactivation
induced a stronger effect in preventing MYC-mediated STING
regulation when compared to STAT3 siRNA. Given that
MYC-mediated repression of STING affected STAT1 levels,
but did not affect STAT3 levels, MYC might drive a more
protumorigenic, STAT3-driven tumor microenvironment. A
model in which MYC collaborates with other transcription
factors in a context-dependent fashion might also explain both
protumor and antitumor effects of type I IFN signaling, since
STING signaling was associated with both the suppression of
outgrowth of dormant metastasis (62) and a protumorigenic
immunosuppressive tumor microenvironment (63, 64).
Clearly, the transcriptional activity of MYC is required for the
regulation of genes part of the type I IFN response. However,
this regulation might be context- and tumor subtype-
dependent and we showed that this may occur through
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indirect mechanisms, involving the targeting of upstream
regulators of inflammation such as STING, rather than inhi-
bition of the entire type I IFN pathway.

Many clinically used therapeutic modalities, including
chemotherapy and irradiation, induce DNA damage, thereby
instigating inflammatory signaling. We show that both eto-
poside and irradiation induce a significant increase in micro-
nuclei numbers. However, the downstream activation of
inflammatory responses showed significant variability and was
accompanied by only a moderate induction of inflammatory
cytokines, with etoposide inducing higher levels of inflamma-
tory signaling when compared to irradiation at the used dos-
ages. These findings suggest that the initiation of these
responses is not exclusively reliant on micronuclei formation
and cGAS activity. This observation is in line with recent
studies, which show that micronuclei per se have limited ca-
pacity in the activation of the cGAS (65-67). In fact, cGAS is
normally located in the nucleus, and organization of DNA in
nucleosomes limits its auto-activation (68). In contrast to the
ability of micronuclei to induce cGAS activity, cGAS-positive
chromatin bridges were associated with a strong induction of
interferon response (69). Although the role of cGAS-positive
micronuclei is currently under debate, STING is docu-
mented to function as a central signaling hub, integrating in-
puts from multiple DNA sensors, also beyond cGAS (70). Of
note, we observed that etoposide-induced chemokine pro-
duction was dependent on STING. Whether chemokine in-
duction in this setting was cGAS-dependent remains to be
tested. Together, these observations underscore the pivotal
role of STING signaling in response to diverse treatment
modalities and diverse sources of DNA damage. Therefore,
MYC-mediated suppression of STING might not only explain
the inhibition of the type I IEN response upon irradiation and
etoposide treatment but might also be relevant for inflam-
matory signaling in response to other genotoxic agents.
Moreover, these findings may explain reduced attraction and
activity of immune cells in the tumor microenvironment.

Taken together, MYC has a clear role in the tumor cell-
intrinsic suppression of inflammatory responses that are
induced upon genotoxic insults, which results in decreased
immune cell migration and activity. Given the clear inverse
correlation between MYC and STING across various cancer
types, and the critical role of STING in IFN signaling, MYC
could serve as a significant biomarker for predicting the
effectiveness of immune-targeted therapies. Furthermore,
therapeutic interference with MYC function may represent a
promising strategy to boost immune checkpoint inhibitor
treatment of MYC-overexpressing cancers.

Experimental procedures
Public data analysis
TCGA data acquisition

From TCGA, we extracted the preprocessed and normalized
level of 3 RNA-seq (version 2) data for different cancer data-
sets available at the Broad GDAC Firehose portal (downloaded
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January 2017 https://gdac.broadinstitute.org/) (35). For each
sample, we downloaded RNA-Seq with Expectation Maximi-
zation gene normalized data (identifier: illuminahiseq_rna-
seqv2- RSEM_genes_normalized). RNA-Seq expression level
read counts were normalized using FPKMUQ (Fragments per
Kilo-base of transcript per Million mapped reads upper
quartile normalization). This dataset is referred to as the
TCGA-dataset throughout this manuscript. In addition, we
collected preprocessed segmented somatic CNA data for each
of the cancer datasets (identifier: genome_wide_snp_6 seg-
mented_scna_minus_germline_cnv_hg19), which was gener-
ated with the Affymetrix Genome-Wide Human SNP Array
6.0. In short, the copy number segmentation pipeline imple-
mented by TCGA and applied to Affymetrix SNP Array 6.0
uses a fully open-source tool Birdsuite and the DNAcopy R-
package to perform a circular binary segmentation analysis.
Circular binary segmentation translates noisy intensity mea-
surements into chromosomal regions of equal copy number.
The final output files are segmented into genomic regions with
the estimated copy number for each region. Next, the copy
number values are transformed into segment mean values,
which are equal to log2(copy number/2) https://docs.gdc.
cancer.gov/Data/PDF/Data_UG.pdf, (71-73).

Classification of TCGA samples based on copy number data

For STING1 mRNA analysis, TCGA samples were catego-
rized into two groups (MYC “amplified” and “neutral”). Sam-
ples with a log2(copy number/2) value of MYC greater than 0.3
were categorized as “amplified” (A,yc). Samples with a copy
number variation value of MYC between -0.3 and 0.3 were
categorized as “neutral” (N,syc). Differential mRNA expres-
sion analysis was conducted between samples of class Ayyc
and N, yc using the following steps. Firstly, subsets of samples
were considered for separate analysis based on tumor subtype.
Secondly, median STING1 mRNA expression values for
samples in class A,;yc were compared to the mean STING1
mRNA expression values for samples in class Nysyc using
Mann-whitney U test. Lastly, a metric was obtained from the
Mann-Whitney U test as -log;o(p-value)*sign(difference be-
tween median STING1 expression in the samples of class
Aprye and Nygye).

Immune cell composition analysis in TCGA and METABRIC data

For the estimation of immune cell composition, the R
package Microenvironment Cell Populations-counter (MCP-
counter) was used (74). MCP-counter is a transcriptome-based
deconvolution method to estimate the abundance scores of
immune cell populations from RNA-seq data. RNA-seq data
and breast cancer molecular subtype annotations in the TCGA
and Molecular Taxonomy of Breast Cancer International
Consortium (METABRIC) breast cancer cohorts were ob-
tained from the cBioPortal to perform the MCP-counter
analysis (https://www.cbioportal.org/) (71, 72). For META-
BRIC, the gene name STINGI was used for STING mRNA
analysis. For TCGA, TMEM173 was used for STING mRNA
analysis.
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Human cell lines

Human breast cancer cell lines BT-549, MDA-MB231,
HCC-1806, and MCF7 were obtained from ATCC (CRL-2314,
CRM-HTB-26, CRL-2335, HTB-22). Cell line identity was
confirmed using STR profiling. BT-549 and HCC-1806 were
cultured in Roswell Park Memorial Institute medium supple-
mented with 10% fetal calf serum (FCS; Gibco) and penicillin/
streptomycin (Gibco; 100 units per mL). MDA-MB-231 and
RPE-1 (CRL4000) cells were cultured in low glucose (1 g/L)
Dulbecco’s Modified Eagle Medium (Gibco), MCF?7 cells were
cultured in high glucose (4.5 g/L) Dulbecco’s Modified Eagle
Medium (Gibco), all supplemented with 10% FCS and peni-
cillin/streptomycin (100 units per mL). Cell lines were cultured
at 37 °C in a humidified incubator with 5% CO, and were
regularly tested for mycoplasma. All cell lines containing Dox-
inducible DNA constructs were cultured in tetracycline-free
FCS (Takara Bio USA).

The THP-1 cell line, expressing a ISRE-driven tdTomato
reporter, was a gift from R. Luteijn (Utrecht University) and
was cultured in Roswell Park Memorial Institute medium
supplemented with 10% FCS, penicillin/streptomycin (100
units per mL), and glutamine (2 mM) (42). The NK-92 cell line
(CRL-2407, ATCC) was cultured in Alpha-MEM with (deoxy)
ribonucleosides supplemented with 12.5% horse serum, 10%
FCS, and 1% penicillin/streptomycin. Every 72 h, IL-2 was
added to NK-92 cells to a final concentration of 1000 U/ml.

Generation of cell lines

BT-549 and MDA-MB-231 cells were transduced with
lentiviral tet-pLKO puro plasmids, encoding shRNAs. Tet-
pLKO-puro was a gift from Dmitri Wiederschain (Addgene
plasmid #21915). shRNA sequences that were used are as
follows: MYC#1 (5'-CCC-AAG-GTA-GTT-ACT-CTT-AAA-
3), MYC#2 (5'-CAG-TTG-AAA-CAC-AAA-CTT-GAA-3)
(73), luciferase (“shLUC”, 5-AAG-AGC-TGT-TTC-TGA-
GGA-GCC-3), MIZ1#1, (5-TGT-CCA-AGC-ACA-TCA-
TCA-TTC-3'), and MIZ1#2 (5-GTG-TTC-ACT-TTA-AGG-
CTC-ATA-3). Transduced cells were selected in medium
containing puromycin (1 ug/ml). To generate MYC-
overexpressing cell lines, BT-549 cell lines were transduced
with pRRL-SFFV-IRES-mBlueberry, containing variants of
MYC that were generated with mutagenesis PCR or synthe-
sized as gene blocks (Genscript). To generate cell lines with
dox-inducible MYC overexpressing constructs, BT-549 cell
lines were transduced with pRetroX-Tet-On Advanced
(Clontech). Subsequently, BT-549 cells harboring pRetroX-
Tet-On Advanced were transduced with pRetroX-Tight-Pur
containing MYC as described earlier (75). Additionally, MYC
variants were cloned into pCW-puro, a gift from Alessia
Ciarrocchi and Gloria Manzotti (Addgene plasmid # 184708),
to create Dox-inducible overexpression of MYC variants.
Moreover, MCF7 cells were transduced with pCW-puro EV
and pCW-puro MYC-WT to establish Dox-inducible MYC
overexpression in MCF7 cells.

For transduction, lentiviral particles were produced using
HEK-293T cells (ATCC; CRL3216), which were transfected
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with 5 g lentiviral construct, in combination with packaging
plasmids pMD2.G (Addgene plasmid #12259) and psPAX2
(Addgene plasmid #12260), both gifts from Didier Trono.
Virus-containing supernatant was harvested at 48 and 72 h
after transfection and filtered through a 0.45 UM syringe filter
and used to infect target cells in one or two consecutive 24 h
periods.

For the generation of STAT1, STAT3, and STING KO cell
lines, CRISPR-Cas9 was used. STATI and STAT3 were edited
using the sSpCas9(BB)-2A-Puro V2.0 (PX549, a gift from Feng
Zhang (Addgene plasmid, 62,988)) plasmid as described else-
where (64). The following guides were used: STATI1: 3'-
TCCGCAACTATAGTGAACCT-5, STAT3:3- GGCCAT
CCTGCTAAAATCAG-5'. BT-549 cells were transfected with
2 pg of the indicated plasmid using FuGene (Promega Cor-
poration), according to manufacturer’s protocol. Forty eight
hours after transfection, cells were selected with puromycin
(1 pg/ml; Invivogen) for 48 h. Subsequently, cells were single
cell sorted using a Sony flow cytometer (SH800s). Individual
clones were validated by immunoblotting. pLentiCRISPRv2-
STING-gRNA3 (targeting sequence 3-AGGTACCGGA-
GAGTGTGCTC-5') was a gift from Nicolas Manel (Addgene
plasmid #127640) (76) and was used to create STING KO cells
using lentiviral transduction as described above.

siRNA transfection

siRNA transfection was performed using oligofectamine
(Invitrogen) according to manufacturer’s protocol with the
following sequences: siSTAT3#1: 5(GCA-GCA-GCU-GAA-
CAA-CAU-G)TT 3 (77), siSTAT3#2: 5(AAC-AUC-
UGC-CUA-GAU-CGG-CUA)-TT 3’ (78), siDNMT#1: 5
(UGU-AAC-UCU-ACG-UCU-CUU-C)TT 3, and
siDNMT1#2: 5 (GGA-ACU-UUG-UCU-CCU-UCA-A)TT
3’. As a control, siRNA duplex negative control (siSCR,
Eurogentec) was used. BT-549 cells were treated with Dox
(1 pg/ml) for 48 h prior to siRNA treatment.

Mutagenesis PCR

To create cell lines with MYC variant overexpression in a
background in which endogenous MYC was depleted using
shMYC#2, mutagenesis PCR was performed on pRRL-SFFV-
IRESmBlueberry plasmids harboring MYC to introduce silent
mutations that make MYC resistant to shMYC#2. To this end,
the following codons were altered to create silent mutations in
the shRNA-targeting region (K430 AAA — K430 AAG; L1431
CTT — L431 CTG; H429 CAC — H429 CAT). Mutations were
created by performing PCR in three consecutive steps using the
following oligos respectively: MYC_H429H_forward:
5'AACGACGAGAACAGTTGAAACATAAACTTGAACAGC
TACGGAAC3, MYC_L4311_forward: CGAGAACAGTTG
AAACATAAACTGGAACAGCTACGGAACTCTITGT, MYC_
K430K_forward: CGACGAGAACAGTTGAAACATAAGC
TGGAACAGCTACGGAACTCT, and Phusion High Fidelity
DNA polymerase (M0530S; New England Biolabs). PCR prod-
ucts were digested with DNPI, isolated using Qiaquick gel
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extraction kit (Qiagen), and transformed into Stbl3 bacteria (Life
Technologies).

Western blotting

Cells were lysed in Laemmli buffer (4% SDS, 20% glycerol,
125 mM Tris—HCI, pH 6.8) or Mammalian Protein Extraction
Reagent (Thermo Scientific), supplemented with Halt protease
inhibitor and Halt phosphatase inhibitor (Thermo Fisher Sci-
entific; 1:100). Protein concentrations were measured using
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
Proteins were separated by SDS-PAGE gel electrophoresis,
transferred to polyvinylidene difluoride membranes (Merck
Millipore), and blocked in 5% skimmed milk (Sigma-Aldrich)
or 3% BSA in 0.05% TBS-Tween (Sigma-Aldrich). Immuno-
detection was performed with antibodies directed against -
actin (MP Biomedicals, 69,100, 1:1000), Vinculin (Abcam,
ab129002, 1:1000), c-MYC (Abcam, ab32072, 1:1000), STAT1
(Cell signaling, #9172, 1:1000), STAT3 (Santa Cruz Biotech-
nology, sc482, 1:1000), STING (Cell signaling, #13647, 1:1000),
cGAS (Cell signaling, #15102S, 1:1000), TBK1 (Cell signaling,
#3504, 1:1000), IRF3 (Cell signaling, #4302, 1:1000), pIRF3
(Cell Signaling, #29047, 1:1000), pSTAT1 S727 (Cell signaling,
#8826, 1:1000), pSTAT1 Y701 (Cell signaling, #9167, 1:1000),
pNFxB (Cell Signaling, #3033, 1:1000), laminA/C (Cell
Signaling, #4777, 1:1000), and MIZ1 (Santa Cruz, sc-136985,
1:1000), Tubulin (Abcam, ab44928, 1:5000), HSP90 (Santa
Cruz Biotechnology, sc-13119, 1:10,000), DNMT1 (Abcam,
ab188453, 1:1000), GAPDH (Abcam, ab128915, 1:10,000).
Horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (DAKO, 1:10,000) were used for detection. Alterna-
tively, anti-Actin-HRP (Proteintech, HRP-60008, 1:1000) was
used. Visualization was done using chemiluminescence (Lumi-
Light, Roche Diagnostics) on a Bio-Rad bioluminescence de-
vice, equipped with Quantity One/ChemiDoc XRS software
(Bio-Rad). Quantification was conducted using Fiji, with the
results normalized against the loading controls.

Quantitative reverse transcription-PCR

Cell pellets of BT-549 cells treated with or without dox (1
pg/ml) for indicated time points were harvested, snap frozen,
and stored at 20 °C. RNA was isolated using the RNeasy Mini
Kit (Qiagen) and ¢cDNA was synthesized using the iScript
c¢DNA synthesis kit (Biorad), according to the manufacturer’s
instructions. Quantitative reverse transcription-PCR for cyto-
kine mRNA expression levels was performed in triplicate using
PowerUp SYBR Green Master Mix (Thermo Fisher Scientific).
B-Actin was used as a reference and experiments were
performed on an Applied Biosystems Fast 7500 device. The
following primer sequences were used: f3-actin forward:
5'- ACT-CTT-CCA-GCC-TTC-CTT-CC-3/, reverse: 5'-CAA-
TGC-CAG-GGT-ACA-TGG-TG-3' (Invitrogen), CCL5 for-
ward: 5- CCA-GCA-GTC-GTC-TTT-GTC-AC-3/, reverse:
5'-CTC-TGG-GTT-GGC-ACA-CAC-TT-5 (Invitrogen),
ISG15 forward: 5'- TGG-ACA-AAT-GCG-ACG-AAC-CTC-
3, reverse: 5-TCA-GCC-GTA-CCT-CGT-AGG-TG-3'
(Origene), c-MYC forward: 5'-TGA-GGA-GAC-ACC-GCC-
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CAC-3/, reverse: 5'-CAA-CAT-CGA-TTT-CTT-CCT-CA
T-CTT-C-3' (Origene), CXCL10 forward: 5-AGC-AGA-
GGA-ACC-TCC-AGT-CT-3/, reverse: 5-AGG-TAC-TCC-
TTG-AAT-GCC-ACT-5' (Invitrogen).

IFN neutralizing antibodies

For culture with type I IFN-neutralizing antibodies, BT-
549 cells with indicated shRNAs were seeded in 6-well plates
(100.000 cells/well) and treated with dox (1 pg/ml) and IFN
neutralizing antibodies (1:500, PBL assay Science) for 5 days.
Expression of indicated proteins was analyzed using Western
blot.

Enzyme-linked immuno sorbent assay

To measure secretion of CCL5, BT-549 cells with indicated
shRNAs were treated with or without dox (1 pg/ml) for 5 days
and plated at similar cell densities in 6-well plates
(50,000 cells/well). Culture media was harvested at indicated
time points and stored at -20 °C. Concentrations of CCL5
(R&D Systems, DY278-05) were measured using ELISA ac-
cording to manufacturer’s instructions.

Immunofluorescence microscopy

Cells were grown on coverslips and treated with or without
doxyc (1 pg/ml) for indicated time points and irradiated with
indicated dose using a CIS international/IBL 637 cesium'®’
source. After 72 h, cells were washed with PBS and fixed in 2%
formaldehyde in PBS for 15 minutes at room temperature.
Subsequently, cells were permeabilized with 0.1% Triton X-
100 in PBS for 1 minute followed by blocking in 0.05% Tween-
20 and 2.5% BSA in PBS for 1 h. Cells were incubated
overnight with primary antibodies against cGAS (1:200, Cell
Signaling, #15102) in PBS—Tween—BSA. Cells were extensively
washed and incubated for 1 h with Alexa488-conjugated sec-
ondary antibodies (1:400, Invitrogen, A-11008) at room tem-
perature, shielded from light. Subsequently, DAPI was added
for 10 min (Sigma). Slides were mounted with ProLong Gold
Antifade Mountant (Invitrogen, P36934). Images were ac-
quired on a Leica DM-6000RXA fluorescence microscope,
equipped with Leica Application Suite software, using a 63x
magnification. Pictures were processed using Fiji software.

Flow cytometry

THP-1 cells were cultured and treated with MSA2 (5 UM,
Axon Medchem) for 24 or 48 h. Subsequently, cells were
collected, washed twice with PBS, and measured on a Novo-
Cyte Quanteon (Aligent). Data was analyzed using NovoEx-
press software.

Chromatin immunoprecipitation-PCR

ChIP was essentially performed as described elsewhere
(79, 80).

Briefly, BT-549 cells expressing pRetrox-EV or pRetrox-
MYC were treated with Dox (10 ng/ml) for 72 h. ChIP was
performed using c-MYC antibody (Abcam, ab32072). PCR was
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performed using the following primer pairs: APEX1 (positive
control), forward:5-GGC-GGG-ACC-TGG-TGC-GGG-GA-
3, reverse: 5'-ACC-GCG-TCA-CCC-ACC-GAA-GCA-3' (81).
For STING, three primer pairs were used and described before
(46): #1 forward: 5'-ATC-CAG-CTT-GTA-GTA-AGT-GCT-
CG-3/, reverse: 5'-GCT-GTA-GTG-TCC-CTA-GCT-GGT-3/,
#2  forward: 5-GCC-CAG-ATT-GTG-CCA-CTC-TA-3,
reverse: 5-CAG-GCT-GGT-CTT-GAA-TTC-TTG-A-3/, #3
forward: 5-TGA-CAC-ACC-CAG-AAT-AGC-ATC-C-3,
reverse: 5'-GCC-CTT-CTC-TGA-GCT-GTA-GTG-3'.

Transwell migration assays

BT-549 cells with indicated constructs were plated in 6-well
plates and pretreated with Dox (1 pg/ml) for 2 days followed
by etoposide treatment (1uM) for 24 h. After this, cells were
replated in 12-well plates (30,000 cells/well). Human PBMCs
were isolated from peripheral blood from healthy volunteers
(buffy coat obtained from Sanquin) by Ficoll-Paque density
centrifugation (Ficoll-Paque PLUS, GE Healthcare Life Sci-
ences). PBMCs (1,500,000/insert) were added on top of the
filter membrane of a transwell insert (12-well cell culture
insert, 3.0 um pore PET translucent, cellQart) and incubated
for 24 h, after which supernatant from the lower chamber was
harvested to quantify migrated PBMCs by microscopy.

NK cytotoxicity assay

BT-549 cells with indicated constructs were pretreated with
Dox for 3 days (1 pg/ml). Subsequently, BT-549 cells were
seeded in 24-well plates (60,000 cells/well) and incubated
overnight. The next day, BT-549 cells were washed with PBS.
Then, NK-92 cells were added in the following effector to
target ratios (NK-92:BT-549); 0:1, 1:2, 1:1, 2:1, and 5:1 and
incubated for 4 h. Subsequently, NK-92 cells were removed,
and cells were washed with PBS and stained with Coomassie
Brilliant Blue solution, containing 50% methanol (Merck) and
14% acetic acid (Merck) for 20 min, and extensively washed
with demineralized water. After plates were air-dried over-
night, DMSO was added, and absorption values were
measured at 595 nm using a Multiscan Sky microplate spec-
trophotometer (Thermo Fisher Scientific).

Methylation-specific PCR

Genomic DNA was purified from BT-549 cells treated with
or without Dox (1 pg/ml) for 48 h. Subsequently, DNA was
bisulfate converted using the EZ DNA methylation kit (Zymo
Research). Primers to analyze the methylation status of mul-
tiple CpQG sites within the STING (TMEM173) promoter were
designed using the UCSC Genome Browser and MethPrimer
(82). Bisulfite-treated DNA was amplified by PCR. All samples
were loaded on 2% agarose gels, stained with Midori green,
and visualized using a ChemiDoc (Bio-Rad). Leukocyte
DNA and in vitro (IV) methylated DNA was used to validate
the  methylation-specific  and  unmethylation-specific
primer sets. The following primer sets were used: {3-actin
forward: 5-TAGGGAGTATATAGGTTGGGGAAGTT- 3/,
5-AACACACAATAACAAACACAAATTCAC-3,

reverse:
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JAM3 methylated forward: 5- GGGATTATAAGTC
GCGTCGC-3/, reverse: 5'- CGAACGCAAAACCGAAATCG-
3’. JAM3 unmethylated forward: 5'-GTGGGGATTATAAG
TTGTGTTGTG-3, reverse: 5-CAACCAAACACAAAACCA
AAATCAC-3, STING enhancer methylated forward:
5- TTTGGGCGATAAGAGTAAAATTTC-3, reverse: 5'-
ATTCTTCTTAACCTCTCTAAACGTA-3', STING enhancer
unmethylated forward: 5-TTGGGTGATAAGAGTAAAA
TTTTGT-3/, reverse: 5-TTCTTCTTAACCTCTCTAAACA
TA-3', cgl6983159 methylated forward: 5'- GGTTTTTT
GTAGGAAATGGTTACGT-3/, reverse: 5'- AACCTCAAA-
TAATCCACCCATCTCGAC-3, ¢gl16983159 unmethylated
forward: 5'- GGTTTTTTGTAGGAAATGGTTATGT-3,
reverse: 5'-TAACCTCAAATAATCCACCCATCTCAAC-3,
¢g08321103 methylated forward: 5-GTGATTTTTTTAAGA-
GAGTTTGTCGGT-3/, reverse: 5- TCCCAAATAACT
AAAATTACAAACG-3/, ¢g22631913 methylated forward:
5- GAGTTATTTGGAGTGGATGTGGCGT-3/, reverse: 5'-
ATCCCGTATCCCAAAAATCACGAA-3, €g22631913
unmethylated forward: 5- TTGGGTGATAAGAGTAAAA
TTTTGT- 3, reverse: 5'- ATTCTTCTTAACCTCTCTAAA-
CATA-3.

Data analysis

Statistical testing was performed using the GraphPad Prism
8.4.2 (Dotmatics) and R version 4.4.0. All figure legends state
the number of independent biological replicates and the sta-
tistical test used. The number of biological replicates for each
Western blot images shown in the main manuscript is indi-
cated in the figure legends. Western blots were quantified
using Image] (version 1.53k) or Adobe Photoshop (Creative
Cloud 2025) and corrected for the loading controls. No data
was excluded from our study. The only exceptions were cases
where the positive control of experiments did not work. In
these instances, we deemed it necessary to exclude the data to
maintain the integrity and validity of our results.

Data availability

TCGA data is downloaded from https://gdac.broadinstitute.
org/. Source data are provided with this paper. The data
analyzed in the current study are available from the corre-
sponding author upon reasonable request.
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