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Interferon-γ–inducible factor 16 (IFI16) triggers stimulator
of interferon (IFN) genes (STING)–dependent type I IFN pro-
duction during host antiviral immunity and facilitates p53-
dependent apoptosis during suppressing tumorigenesis. We
have previously reported that STING-mediated IFI16 degra-
dation negatively regulates type I IFN production. However, it
is unknown whether STING also suppresses IFI16/p53-
dependent apoptosis via degradation of IFI16. Here, our re-
sults from flow cytometry apoptosis detection and immunoblot
assays show that IFI16 and nutlin-3, a p53 pathway activator,
synergistically induce apoptosis in U2OS and A549 cells. Pro-
tein kinase R–triggered phosphorylation of p53 at serine 392 is
critical for the IFI16-p53–dependent apoptosis. However,
overexpression of STING suppresses p53 serine 392 phos-
phorylation, p53 transcriptional activity, expression of p53
target genes, and p53-dependent mitochondrial depolarization
and apoptosis. In summary, our current study demonstrates
that STING-mediated IFI16 degradation negatively regulates
IFI16-mediated p53-dependent apoptosis in osteosarcoma and
non–small cell lung cancer cells, which suggests a protumori-
genic role for STING in certain cancer types because of its
potent ability to degrade upstream IFI16.

Interferon (IFN)-γ–inducible factor 16 (IFI16) is a member
of the IFN-inducible PYHIN protein family of nuclear proteins
and considered as an important DNA sensor in recognizing
pathogenic DNA (1). It contains a PYRIN domain (PYD) at the
N-terminus and two conserved hematopoietic expression,
IFN-inducible, and nuclear location (HIN) domains (HIN-A
and HIN-B) at the C-terminus (2, 3). The PYD of IFI16 me-
diates homotypic and heterotypic protein–protein interaction,
which is responsible for signaling transduction (4). IFI16 in-
teracts with the adaptor molecule apoptosis-associated speck
like protein containing a caspase recruitment domain via the
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PYD–PYD interactions to form a functional inflammasome
during Kaposi sarcoma–associated herpesvirus infection (5, 6).
IFI16 also interacts with stimulator of IFN genes (STING) to
activate the downstream TANK-binding kinase 1–IFN regu-
latory factory 3–IFN-β signaling axis via its PYD (7). The C-
terminal HIN-A and HIN-B domains have been implicated in
DNA binding and mediating protein–protein interaction for
transcriptional regulation (8). For example, HIN-A domain
binds to the C-terminal region of p53, whereas the HIN-B
domain binds to the core DNA-binding region of p53, which
synergistically contributes to the effect of IFI16 on p53–DNA
complex formation and transcriptional activation (9).

In addition to the roles in DNA sensing and activating
antiviral immunity, IFI16 negatively regulates tumorigenesis by
interacting with p53 or inducing transcription of p53 (8–10).
As a DNA damage amplifier, IFI16 interacts with p53, pro-
motes p53 phosphorylation at serine 15 (Ser15), and thus
participates in the accumulation and activation of p53 caused
by DNA damage, which ultimately promotes p53-dependent
apoptosis (8, 10). Besides the Ser15 residue, the highly
conserved residue, serine 392 (Ser392) (Ser389 in mice), is also
a major phosphorylation site of p53. Ser392 phosphorylation is
a common and integral event during p53 activation under
diverse stimuli such as UV or the murine double minute 2
(MDM2)-p53 antagonist nutlin-3 treatment (11–13). Several
protein kinases including casein kinase 2, p38 mitogen-
activated protein kinase, and protein kinase R (PKR) have
been shown to be responsible for p53 Ser392 phosphorylation
(14–16). However, it is still unknown whether IFI16, the p53
positive regulator, facilitates these protein kinase–mediated
Ser392 phosphorylation of p53 and p53-dependent apoptosis.

STING-dependent signaling pathway plays important roles
in antitumor immunity and tumor immunotherapy. Endoge-
nous STING agonist cyclic guanosine monophosphate–
adenosine monophosphate from tumor cells triggers a
STING-mediated IFN response in nontumor cells to activate
the antitumor response of natural killer cells (17). Synthetic
small-molecule amidobenzimidazole-based compounds effec-
tively bind and activate STING. Amidobenzimidazole
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STING negatively regulates IFI16-p53–dependent apoptosis
derivatives elicit strong antitumor activity, with complete and
lasting regression of tumors (18). Other synthetic STING ag-
onists such as 5,6-dimethylxanthenone-4-acetic acid and cyclic
di-AMP have been demonstrated to strongly induce IFN-β in
both murine macrophages and primary human cells, decrease
tumor sizes on the xenografted murine melanoma, colon, and
breast models, and induce antitumor immunological memory
following tumor regression (19). However, as a potent type I
IFN (IFN-I) inducer, activated STING also promotes tumor
initiation, growth, and metastasis in a stage-specific manner. In
prostate cancer, cytosolic dsDNA accumulation coupled with
STING signaling increases from hyperplasia to stage II and
then decreases in stage III (20). STING activation is associated
with increased tumor growth in the noninflammatory Lewis
lung carcinoma mouse model (21). In breast cancer and lung
cancer, cyclic guanosine monophosphate–adenosine mono-
phosphate can be transferred from tumor cells to astrocytes
through gap junctions, which further activate STING, IFN-I,
and NF-κB signaling in the astrocytes and thus promote tu-
mor brain metastasis (22). Our previous study has shown that
STING negatively controls IFI16 expression by degrading
upstream excessive IFI16 during antiviral immunity (7). As
IFI16 cooperates with p53 to inhibit tumorigenesis, it drives us
to investigate whether STING-mediated degradation of up-
stream IFI16 also suppresses IFI16-p53–dependent apoptosis,
and whether STING plays a protumor role independent of
activating its downstream IFN-I and NF-κB signaling.

In this study, we have shown that IFI16 promotes p53-
dependent apoptosis, the loss of mitochondrial membrane
potential (ΔΨm), p53 Ser392 phosphorylation, p53 transcrip-
tional activity, and expression of p53 target genes in human
osteosarcoma and NSCLC cells. However, STING suppresses
these IFI16-mediated antitumor effects by degrading upstream
IFI16 protein. Herein, we have outlined an alternative pathway
that STING plays a detrimental role in antitumor signaling in
addition to be beneficial in antiviral immunity.
Results

Opposite effects of IFI16 and STING in the regulation of p53-
dependent apoptosis

To determine whether IFI16 regulates p53-dependent
apoptosis in osteosarcoma cells, we deleted IFI16 gene in
U2OS cells using the CRISPR/Cas9 technology. Nutlin-3, a
p53–MDM2 antagonist and p53 pathway activator, promoted
U2OS apoptosis in a dose-dependent manner (Fig. 1, A and B).
However, knockout of IFI16 significantly abolished the in-
duction of apoptosis by nutlin-3 (Fig. 1, A and B). Consistently,
the cleavage of caspase 3, a critical executioner of apoptosis,
was also undetectable in the IFI16−/− cells, whereas it was
highly induced in the high-dose nutlin-3-treated WT cells
(Fig. 1C), which suggests that IFI16 and nutlin-3 may syner-
gistically induce and stabilize p53 to activate p53-dependent
apoptosis. Next, we selected the WT and IFI16−/− single-cell
clones to confirm the aforementioned phenotypes (Fig. S1A
and Fig. 1D, bottom panel). IFN-γ treatment further facilitated
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nutlin-3–induced apoptosis in the WT clones, whereas much
fewer apoptotic cells were detected in the IFI16−/− clones than
that in the WT clones (Fig. 1D, upper panel). IFI16 is an IFN-
γ–inducible gene in multiple cell types (3, 23), and we found
that overexpression of IFI16 also promoted nutlin-3–induced
apoptosis in both U2OS and A549 cells, which is similar to the
IFN-γ treatment (Fig. 1, E and F). The p53-specific inhibitor
pifithrin-α abolished the apoptosis induced by nutlin-3 treat-
ment and overexpression of IFI16 in A549 cells (Fig. 1G).

Interestingly, overexpression of STING, a downstream
adaptor protein of IFI16 to induce IFN-I during DNA virus
infection (1), significantly suppressed nutlin-3–induced
apoptosis in U2OS cells (Fig. 1H). In addition, we checked the
cell viability in the IFI16-overexpressed or STING-
overexpressed cells. Overexpression of IFI16 inhibited cell
viability in a dose-dependent manner (Fig. S1B), whereas
overexpression of STING maintained cell viability in the A549
cells treated with a relative high concentration of nutlin-3,
which induced apoptosis dramatically (Fig. S1C). Similar to
the phenomenon observed in A549 cells, the opposite effects
of IFI16 and STING in the regulation of cell viability were also
shown in the U2OS cells treated with 40 μM nutlin-3
(Fig. S1D). Defective functional p53 signaling in the NCI-
H1299 cells was reported previously (24, 25), and we found
that overexpression of IFI16 and STING did not affect nutlin-
3–induced apoptosis in the NCI-H1299 cells (Fig. 1, I and J).

Taken together, overexpression or induction of IFI16 facil-
itates p53-dependent apoptosis and inhibits cell viability,
whereas overexpression of STING suppresses p53-dependent
apoptosis and maintains cell viability during nutlin-3
treatment.
Opposite effects of IFI16 and STING in the regulation of ΔΨm

ΔΨm is a key indicator of cell health or injury, and the loss of
ΔΨm usually leads to mitochondria-associated apoptosis.
During the early stage of apoptosis, ΔΨm decreases, and thus,
the ratio of monomers to aggregates increases in the JC-1 assay
(26). To verify whether the IFI16 or nutlin-3–induced
apoptosis was resulted from ΔΨm loss, we measured the ΔΨm

in A549 cells or U2OS cells treated with nutlin-3, showing that
the ΔΨm significantly decreased during nutlin-3 treatment at
the dose, which is sufficient to induce the expression of cleaved
caspase 3 and apoptosis (Fig. 2, A–C). Overexpression of IFI16
promoted the loss of ΔΨm in cells treated with low-dose
nutlin-3 (Fig. 2B). Consistently, less loss of ΔΨm was
observed in IFI16−/− U2OS cells than in the WT cells (Fig. 2C).
Similar to the results from IFI16−/− cells, overexpression of
STING also suppressed the loss of ΔΨm in A549 cells treated
with nutlin-3 at a concentration over 10 μM (Fig. 2D). Over-
expression of IFI16 or STING did not affect the loss of ΔΨm in
p53 functional-defective NCI-H1299 cells (Fig. 2, E and F).
The loss of ΔΨm is frequently a decisive event of p53-
dependent apoptosis (27). Therefore, these results suggest
the opposite role of IFI16 and STING in the regulation of p53-
mitochondrial pathway–associated apoptosis.



Figure 1. IFI16 and STING perform opposite effects in the regulation of p53-dependent apoptosis. A and B, WT and IFI16−/− U2OS cells were treated
with indicated concentration (0, 20, 40 μM) of nutlin-3 for 24 h, and the cells were harvested and stained with annexin V/PI for apoptosis analysis by flow
cytometry. IFI16 protein levels were measured by IB, and α-Tubulin was shown as a loading control (A). Annexin V+ cells were considered as apoptotic cells,
and the percentage was calculated (B). C, WT andIFI16−/− U2OS cells were treated with indicated concentration (0, 20, 40 μM) of nutlin-3 for 24 h. The whole
cell lysates were subjected to IB analysis with indicated antibodies for cleaved caspase 3 detection. D, clones of WT and IFI16−/− U2OS were treated with
DMSO, nutlin-3 (40 μM), and IFN-γ (20 ng/ml) for 18 h, and the cells were harvested and stained by annexin V/PI for apoptosis analysis. IFI16 protein levels
were measured by IB, and α-Tubulin was shown as a loading control. E and F, empty vectors (EVs, 1 μg) or Flag-IFI16 (1 μg) vectors were transfected into
U2OS or A549 cells (12-well plate), and the cells were treated with DMSO or nutlin-3 (E, 10 μM; F, 0, 5, 10, and 20 μM) for 24 h. The cells were harvested by
trypsin digestion and stained by annexin V/PI for apoptosis analysis. G, EVs (1 μg) or Flag-IFI16 (1 μg) vectors transfected with A549 cells were administrated
with nutlin-3 (20 μM) or/and pifithrin-α (PFT-α, 10 μM) for 24 h. The cells were harvested, and apoptotic cells were analyzed by flow cytometry. H, U2OS cells
were transfected with EV (0.5 μg) or Flag-STING (0.5 μg) plasmids and treated with nutlin-3 (40 μM) for 24 h. The cells were harvested, and apoptotic
cells were analyzed by flow cytometry. I and J, EV (I, 1 μg; J, 0.5 μg), Flag-IFI16 (1 μg), or Flag-STING (0.5 μg) vectors-transfected NCI-H1299 cells (12-well
plate) were treated with nutlin-3 (0, 10, 20 μM) for 24 h. The cells were harvested by trypsin digestion and stained by annexin V/PI for apoptosis percentage
analysis by flow cytometry. The experiment was repeated three times, and the data in B and D–J are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p <
0.001; unpaired Student’s t test). DMSO, dimethyl sulfoxide; IB, immunoblotting; IFI16, interferon-γ–inducible factor 16; IFN-γ, interferon gamma; ns, not
significant; PI, propidium iodide; STING, stimulator of interferon genes.

STING negatively regulates IFI16-p53–dependent apoptosis
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Figure 2. IFI16 and STING perform opposite effects in regulating the ΔΨm. A, A549 cells treated with the indicated concentration of nutlin-3 for 24 h
were harvested by trypsin digestion and stained with JC-1 dye for ΔΨm analysis by flow cytometry. B and D, A549 cells transfected with EV (B, 1 μg; D,
0.5 μg), Flag-IFI16 (1 μg), or Flag-STING (0.5 μg) vectors and treated with nutlin-3 (B, 5 μM; D, 0, 5, 10, and 20 μM) for 24 h were harvested and stained by JC-1
dye for ΔΨm analysis. C, WT and IFI16−/− U2OS cells treated with nutlin-3 (0, 20, and 40 μM) for 24 h were harvested by trypsin digestion and stained by JC-1
dye for ΔΨm analysis. E and F, EV (E, 1 μg; F, 0.5 μg), Flag-IFI16 (1 μg), or Flag-STING (0.5 μg) vector-transfected NCI-H1299 cells (12-well plate) were treated
with nutlin-3 (20 μM) for 24 h. The cells were harvested by trypsin digestion and stained by JC-1 dye for ΔΨm analysis. The experiments were repeated three
times, and the data are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s t test). EV, empty vector; IFI16, interferon-γ–
inducible factor 16; ns, not significant; STING, stimulator of interferon genes.

STING negatively regulates IFI16-p53–dependent apoptosis
Opposite effects of IFI16 and STING in the regulation of p53
transcriptional activity

To further investigate the roles of IFI16 and STING in the
regulation of p53 signaling activation, we took advantage of
p53-luc, a p53 luciferase reporter, to measure p53-mediated
transcriptional activities quantitatively. Nutlin-3 treatment
activated the p53 transcriptional activity in a dose-dependent
manner in A549 cells (Fig. 3, A and B). Consistently,
cisplatin (CDDP), another inducer of p53-dependent apoptosis
(28), also significantly induced p53 transcriptional activity in
U2OS cells (Fig. S2A). IFN-γ treatment further induced p53-
luc activity in the A549 cells treated with nutlin-3 (Fig. 3B).
Knockout of IFI16 suppressed the p53-luc activity driven by
nutlin-3 treatment in U2OS cells (Fig. 3C). Overexpression of
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IFI16 induced p53-luc activity in the absence and presence of
nutlin-3 (Fig. 3D), whereas overexpression of STING sup-
pressed p53-luc activity (Fig. 3E). P53 functions as a tran-
scription factor in the p53 regulatory network by targeting
multiple genes (29–31). P53 target genes p53-upregulated
modulator of apoptosis (PUMA), Bcl-2–associated X protein
(BAX), and P21 were significantly induced in the nutlin-3–
treated cells (Fig. S2B). Knockout of IFI16 suppressed the
induction of PUMA mRNA by nutlin-3 in the absence or
presence of IFN-γ (Fig. 3F). Similarly, stable overexpression of
STING also suppressed the induction of PUMA and BAX, both
of which are critical in the mitochondrial apoptosis pathway,
in the U2OS cells treated with nutlin-3 and IFN-γ (Fig. 3, G
and H).



Figure 3. IFI16 and STING perform opposite effects in the regulation of p53 transcriptional activation. A–C, A549 (A and B), WT, and IFI16−/− U2OS (C)
cells in 24-well plates were transfected with a firefly p53-luc (p53-luciferase reporter, 150 ng), and these cells were treated with nutlin-3 and IFN-γ (A, 0, 2, 5,
10, and 20 μM; B, 0, 2, and 20 μM nutlin-3, 20 ng/ml IFN-γ; C, 5 μM nutlin-3) for 24 h. Relative firefly luciferase activity was quantified 32 h after transfection. D
and E, U2OS cells in 24-well plates were cotransfected with p53-luc (150 ng) and the indicated amount of Flag-IFI16, Flag-STING–expressing plasmids. About
8 h after transfection, nutlin-3 (D, 10 μM; E, 20 μM) was added into the medium. Relative firefly luciferase activity was quantified 24 h later. F–H, WT and
IFI16−/− U2OS (F) or EV and STING stably overexpressed monoclonal cells (G and H) were treated with nutlin-3 (30 μM) and IFN-γ (F, 10 ng/ml; G and H, 20 ng/
ml) for 24 h (F) or 18 h (G and H). The mRNA expression levels of PUMA and BAX were measured by RT-quantitative PCR. The experiment was repeated three
times, and the data are expressed as mean ± SD (**p < 0.01, ***p < 0.001; unpaired Student’s t test). BAX, Bcl-2–associated X protein; IFI16, interferon-γ–
inducible factor 16; IFN-γ, interferon gamma; PUMA, p53 upregulated modulator of apoptosis; STING, stimulator of interferon genes.

STING negatively regulates IFI16-p53–dependent apoptosis
In summary, we have found that IFI16 facilitates while
STING suppresses the p53-dependent apoptosis, the loss of
ΔΨm, p53 transcriptional activity, and the expression of p53
target genes in A549 and U2OS cells rather than in the
NCI-H1299 cells, in which the functional p53 signaling is
defective.
Ser392 phosphorylation of p53 during the activation of IFI16-
p53 signaling

Post-translational modification of p53 by phosphorylation
has been well proved to be an important mechanism for p53
stabilization and activation (32). To verify whether the robust
apoptosis induced by high-dose nutlin-3 were resulting from
J. Biol. Chem. (2021) 297(2) 100930 5



STING negatively regulates IFI16-p53–dependent apoptosis
p53 phosphorylation, we checked most of the phosphorylation
sites of p53 and found that Ser392-phosphorylated p53 was
gradually induced in the U2OS cells treated with different
concentrations of nutlin-3 (Fig. 4A). However, much less
Ser392-phosphorylated p53 was detected in the IFI16−/− cells
than that in WT cells (Fig. 4A). Overexpression of IFI16
facilitated Ser392 phosphorylation of p53 in U2OS, A549, and
NCI-H460 cells treated with lower dose of nutlin-3. However,
the Ser15 phosphorylation and total p53 expression were not
induced consistently in all three cell lines (Fig. 4, B and C and
Fig. S3A). We checked the protein levels of IFI16, p53, and
STING in U2OS, A549, and NCI-H1299 cell lines. High
expression of IFI16 and undetectable STING was in U2OS
cells (Fig. S3B). A549 cells expressed the highest p53, medium
IFI16, and STING among the three cell types (Fig. S3B). The
higher STING, the lower IFI16, and p53 were detected in the
aforementioned three cell types indicated a negative correla-
tion between STING and IFI16-p53 signaling (Fig. S3B).
Moreover, overexpression of STING suppressed the induction
of IFI16 in these tumor cell lines, which finally restricted p53
accumulation (Fig. S3C). No endogenous Ser392-
phosphorylated p53 was detected even in the nutlin-3–
treated and IFI16-overexpressed NCI-H1299 cells, which
might partially account for the functional defects in the NCI-
H1299 cells (Fig. 4D).

Several kinases have been reported to be responsible for
Ser392 phosphorylation of p53, such as p38 mitogen-activated
protein kinase and the IFN-activated dsRNA-dependent pro-
tein kinase R (15, 16). We checked whether IFI16 affected p38-
or PKR-mediated Ser392 phosphorylation of p53. Interaction
analysis results showed that overexpression of IFI16 facilitated
endogenous PKR-p53 binding but not p38-p53 binding,
although IFI16 promoted both exogenous PKR–p53 and p38–
p53 interaction (Fig. 4, E and F and Fig. S3, D and E). Over-
expression of PKR triggered Ser392 phosphorylation of p53 in
A549 cells (Fig. S3F). IFI16 colocalized with the PKR-Ser392–
phosphorylated p53 complexes and facilitated PKR-mediated
Ser392 phosphorylation of p53 as nutlin-3 treatment did
(Fig. S3G).

On the other hand, overexpression of STING suppressed
the Ser392 phosphorylation of p53 induced by nutlin-3 or
CDDP treatment in the U2OS cells (Fig. 4G and Fig. S3H).
Similarly, overexpression of STING also suppressed Ser392
phosphorylation of p53 induced by nutlin-3 in A549 cells or
by IFN-γ in HaCaT cells (Fig. 4H and Fig. S3I). In addition,
we observed that IFI16 and Ser392-phosphorylated p53
colocalized in the nucleus, and more depolarized mito-
chondria were detected in the nutlin-3–treated and IFI16-
overexpressed cells (Fig. S4A), which was consistent with
more apoptosis and more loss of ΔΨm in these cells. When
IFI16 was deleted or STING was stably overexpressed,
nutlin-3–induced Ser392 phosphorylation of p53 was
restrained, and mitochondria damage was reduced (Fig. S4,
B and C).

Together, IFI16 facilitates and STING suppresses Ser392
phosphorylation of p53 in U2OS and A549 cells, which sug-
gests that Ser392-phosphorylated p53 potentially mediates the
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effect of IFI16 on the regulation of apoptosis, the loss of ΔΨm,
and p53 transcriptional activity.
Ser392 phosphorylation of p53 is required for the IFI16-p53–
dependent apoptosis

To confirm the function of Ser392 phosphorylation of p53
in apoptosis, we compared the WT p53 and p53(S392A), with
a mutation at serine 392 to alanine. Nutlin-3 and IFN-γ
cotreatment or CDDP single treatment dramatically induced
apoptosis in U2OS cells (Fig. 5, A and B). WT p53 expression
further facilitated apoptosis levels, whereas the p53(S392A)
induced apoptosis in these cells to a lesser extent (Fig. 5, A and
B). Gradual elevation of Ser392-phosphorylated p53 was
detected in the WT p53 expressed cells rather than in the
p53(S392A) expressed cells, along with increased levels of WT
or mutated p53 (Fig. 5C). Consistently, less apoptosis induc-
tion was observed in the p53(S392A)-rescued than that in WT
p53-rescued NCI-H1299 cells (Fig. 5D). WT p53 rescued in
NCI-H1299 cells facilitated nutlin-3–induced IFI16 and
cleaved caspase 3 expression (Fig. 5E), whereas much less
cleaved caspase 3 was detected in the p53(S392A) transfected
NCI-H1299 cells as a result of a defect in Ser392 phosphory-
lation (Fig. 5E). Consistent with the apoptosis results, less ΔΨm

loss and lower p53 transcriptional activity were observed in the
p53(S392A)-transfected cells than that in the WT p53-
transfected cells (Fig. 5, F and G).

By reconstruction of the functional p53 signaling pathway in
U2OS and NCI-H1299 cells, our results suggest that the
Ser392 phosphorylation of p53 induced by IFI16 is critical for
the regulation of apoptosis, the loss of ΔΨm, and p53 tran-
scriptional activity.
STING-mediated IFI16 degradation suppresses p53-dependent
apoptosis

Our previous study has proved that STING facilitates IFI16
degradation via the ubiquitin–proteasome system (7). In
U2OS cells, we also observed that stably expressed STING
suppressed the induction of apoptosis in the WT cells rather
than in the IFI16−/− cells (Fig. 6A). STING dramatically sup-
pressed the inducible IFI16 protein levels and also suppressed
IFI16-p53–dependent apoptosis in the nutlin-3–treated cells
(Fig. S3C and Fig. 6, B and C). Similarly, overexpression of
STING suppressed the loss of ΔΨm in the WT cells but not in
the IFI16−/− cells (Fig. 6D). STING stable expression and
knockout of IFI16 also suppressed the level of basal and
inducible p53 target genes PUMA and BAX expression, indi-
cating their roles in regulating mitochondrial pathway–
associated apoptosis (Fig. 6, E and F).

IFI16-K3/4/6R, an IFI16 mutant that is resistant to STING-
mediated degradation (7), more effectively facilitated the
Ser392 phosphorylation of p53, the induction of p53 target
genes such as PUMA and BAX, and p53-dependent apoptosis
in A549 cells (Fig. 6, G–I). In addition, more PUMA mRNA
was induced in the IFI16−/− HaCaT cells rescued by IFI16-K3/
4/6R than WT IFI16 (Fig. S5). As a result, IFI16-K3/4/6R



Figure 4. IFI16 and STING perform opposite effects in the regulation of PKR-mediated Ser392 phosphorylation of p53. A, WT and IFI16−/− U2OS cells
plating in 6-well plates were treated with nutlin-3 for 24 h. The whole cell lysates (WCLs) were subjected to IB analysis with indicated antibodies. B–D, EV
(2 μg) or Flag-IFI16 (2 μg) vector-transfected U2OS (B), A549 (C), or NCI-H1299 (D) cells (6-well plate) were treated with nutlin-3 (0–20 μM) for 24 h. The WCLs
were subjected to IB analysis with indicated antibodies. E and F, A549 cells in 100-mm dishes were transfected with EV or Flag-IFI16 vectors (10 μg) for 32 h.
Total cell lysates were immunoprecipitated (IP) with mouse anti-p53 antibody and total mouse IgG antibody as control (E) or rabbit anti-PKR antibody and
total rabbit IgG antibody as control (F). The immunoprecipitates or WCL were subjected to IB analysis with indicated antibodies. G and H, EV (1 μg) or Flag-
STING (1 μg) vector-transfected U2OS (G) or A549 (H) cells (6-well plates) were treated with nutlin-3 (30 μM) for 18 h. The WCL was subjected to IB analysis
with indicated antibodies. EV, empty vector; IB, immunoblot; IFI16, interferon-γ–inducible factor 16; PKR, protein kinase R; Ser392, serine 392; STING,
stimulator of interferon genes.

STING negatively regulates IFI16-p53–dependent apoptosis
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Figure 5. Ser392 phosphorylation is critical for p53-dependent apoptosis in tumor cells. A and B, EV (1 μg), Flag-p53 (1 μg), or Flag-p53(S392A) (1 μg)
vector-transfected U2OS cells (12-well plates) were treated with nutlin-3 (A, 30 μM) and IFN-γ (A, 20 ng/ml) or CDDP (B, 50 μM) for 24 h, and the cells were
harvested by trypsin digestion and stained with annexin V/PI for apoptosis analysis by flow cytometry. C–E, EV (1 μg), Flag-p53 (1 μg), or Flag-p53(S392A)
(1 μg) vector-transfected NCI-H1299 cells (12-well plates) were treated with nutlin-3 (C, 0–20 μM; D, 40 μM; E, indicated concentration) for 24 h. The whole
cell lysates from (C and E) were subjected to IB analysis with indicated antibodies, and the cells from (D) were harvested by trypsin digestion and stained by
annexin V/PI for apoptosis analysis. F, EV (1 μg), Flag-p53 (1 μg), or Flag-p53(S392A) (1 μg) vector-transfected NCI-H1299 cells (12-well plate) were harvested
by trypsin digestion and stained with JC-1 dye for ΔΨm analysis by flow cytometry. G, A549 cells in 24-well plates were cotransfected with p53-luc (150 ng)
and the indicated dose of Flag-p53/Flag-p53(S392A)–expressing plasmids, relative firefly luciferase activity was quantified 24 h after transfection. The
experiment was repeated three times, and the data in (A, B, D, F, and G) are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s
t test). EV, empty vector; IB, immunoblot; IFN-γ, interferon gamma; p53-luc, a p53 luciferase reporter; PI, propidium iodide; Ser392, serine 392.
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Figure 6. STING-mediated IFI16 degradation suppresses IFI16-p53–dependent apoptosis. A, WT, WT-STING, IFI16−/−, and IFI16−/−-STING monoclonal
cell lines were treated with DMSO or nutlin-3 (30 μM) and IFN-γ (20 ng/ml) for 18 h. Apoptotic cells were analyzed by flow cytometry. B and C, U2OS cells in
6-well plates were transfected with EV (0.5 μg in B, 2 μg in C), Flag-STING (0.5 μg), or Flag-IFI16 (2 μg) vectors as indicated for 8 h and then treated with
nutlin-3 (40 μM) for 24 h. The whole cell lysates from (B) were subjected to IB analysis with indicated antibodies, and the cells from (C) were harvested by
trypsin digestion and stained with annexin V/PI for apoptosis analysis by flow cytometry. D, WT or IFI16−/− U2OS cells were transfected with EV (0.5 μg), or
Flag-STING (0.5 μg) vectors and treated with nutlin-3 (40 μM). About 20 h after transfection, the cells were harvested by trypsin digestion and stained with
JC-1 dye for ΔΨm analysis by flow cytometry. E and F, WT, WT-STING, IFI16−/−, and IFI16−/−-STING monoclonal cell lines were treated with nutlin-3 (40 μM)
and IFN-γ (20 ng/ml) treatment for 16 h. The mRNA expression level of PUMA and BAX were measured by RT-quantitative PCR. G–J, EV (1 μg), Flag-IFI16

STING negatively regulates IFI16-p53–dependent apoptosis

J. Biol. Chem. (2021) 297(2) 100930 9



STING negatively regulates IFI16-p53–dependent apoptosis
overexpression leads to more apoptosis than WT IFI16 in
A549 cells (Fig. 6J).

In summary, our results have indicated that IFI16 promotes
p53-dependent apoptosis, the loss of ΔΨm, Ser392 phosphor-
ylation of p53, p53 transcriptional activity, and expression of
p53 target genes in U2OS and A549 cells. However, STING
inhibits these IFI16-mediated effects by promoting the
degradation of the upstream IFI16 (Fig. 7).
Discussion

IFI16 is an important regulator in both antiviral immunity
and tumorigenesis. Alternation of IFI16 expression level is
associated with multiple diseases including autoimmune
diseases and cancers. Comparing with healthy people,
significantly higher level of IFI16 mRNA in peripheral blood
mononuclear cells and much more cases with autoantibodies
against IFI16 in serum are detected in the patients with
systemic lupus erythematosus (33). In addition, high levels of
circulating IFI16 and anti-IFI16 antibodies are prevalent in
the sera of patients with Sjögren’s syndrome (34). In contrast
to the increased level of IFI16 in autoimmune diseases, loss
or reduced expression of IFI16 is often correlated with
various forms of human cancers, including those of osteo-
sarcoma, prostate cancer, breast cancer, and melanoma
(10, 35–37). Increased expression of IFI204, the murine
homolog of human IFI16, is associated with decreased mel-
anoma growth in murine models, and higher expression of
IFI16 is correlated with prolonged survival of patients with
melanoma (36). IFI16 expression is tightly controlled to
maintain homeostasis during antiviral immunity. High level
of IFI16 triggers strong IFN-I–dependent antiviral immu-
nity, following by the overactivation of host innate immu-
nity, which leads to autoimmunity. Negative feedback
degradation of IFI16 mediated by STING–tripartite motif–
containing protein 21 complex attenuates antiviral immunity
and protects cells from self-injury (7). However, the down-
regulation of IFI16 suppresses p53-dependent apoptosis,
which may potentially lead to tumorigenesis. Our current
study has suggested a detrimental role of STING-mediated
degradation of IFI16 in tumorigenesis, although it is bene-
ficial for the host to avoid autoimmunity during antiviral
immunity.

The p53 tumor suppressor protein plays a major role in
cellular response to DNA damage and other genomic aberra-
tions. Activation of p53 by phosphorylation at multiple sites
triggers apoptosis pathway and inhibits tumorigenesis (38).
The C-terminal phosphorylation of p53 is less studied than
those of its N-terminal region. At least four sites (Ser315,
Ser366, Ser378, and Ser392) constitute the C-terminal phos-
phorylation region (39, 40). Among these, Ser392 is highly
(1 μg), or Flag-IFI16-K3/4/6R (1 μg) vector-transfected A549 cells were treated w
The whole cell lysates from (G) were subjected to IB analysis, the mRNA expres
the cells from (J) were harvested by trypsin digestion and stained by annexin V
data in (A, C–F, and H–J) are expressed as mean ± SD (*p < 0.05, **p < 0.01, ***
dimethyl sulfoxide; EV, empty vector; IB, immunoblot; IFI16, interferon-γ–indu
iodide; PUMA, p53 upregulated modulator of apoptosis; STING, stimulator of i
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conserved in vertebrates. Phosphorylation of p53 at Ser392 is
required for the growth suppressor function, DNA binding,
and transcriptional activity of p53 (11, 12, 41). In addition,
Ser392 phosphorylation drives p53 mitochondrial trans-
location and transcription-independent apoptosis in lung
cancers (42). Low-dose nutlin-3a combined with actinomycin
D synergistically activates p53 but cannot induce apoptosis
(43). In our study, we have found that high-dose nutlin-3 is
able to trigger p53-dependent apoptosis and to induce IFI16
expression. IFI16 recruits PKR to p53, which induces Ser392
phosphorylation of p53, even in the absence of nutlin-3.
Knockout of IFI16 downregulates the transcriptional activity
of p53 and the induction of p53 target genes, such as PUMA
and BAX, which are responsible for mitochondria-dependent
apoptosis. Meanwhile, less loss of ΔΨm is detected in the
nutlin-3–treated IFI16−/− cells. Besides the function of Ser392
phosphorylation in inducing transcription-independent
apoptosis, our results suggest that IFI16 promotes PKR-
mediated Ser392 phosphorylation of p53 and p53-dependent
apoptosis via the transcription-dependent pathway, which
induces p53 target genes and leads to increased mitochondrial
permeability. However, the maximal activation of p53 was
synergistically controlled by various phosphorylation sites as
the mutation at Ser392 only partially restrains p53-dependent
function.

Although STING agonists have been extensively used in
cancer therapy studies and clinical trials (18, 19, 44), there are
some findings showing different functions of STING signaling
in tumorigenesis. Several studies have described the protumor
role of STING by activating its downstream IFN-I or NF-κB
signaling (21, 22). Cyclic GMP–AMP synthase, the upstream
DNA sensor of STING, could translocate into the nucleus,
suppress homologous recombination–mediated repair, and
promote tumor growth (45). IFI16 cooperates with cyclic
GMP–AMP synthase to activate STING during DNA sensing
in human keratinocytes (46). Our results have indicated that
STING-mediated IFI16 degradation suppresses Ser392-
phosphorylated p53 and p53-dependent apoptosis in WT
U2OS cells rather than in IFI16−/− cells, suggesting that
STING also may promote tumorigenesis by negatively regu-
lating the upstream IFI16-p53 apoptosis signaling. The phys-
iological functions of STING-mediated IFI16 degradation in
tumorigenesis will be further investigated by using the IFI16-
K3/4/6R rescued tumor cells and related xenografted tumor
mouse models.

Considering that DNA from the genome of tumorigenic
viruses such as Epstein–Barr virus, human papillomavirus, and
Kaposi sarcoma–associated herpesvirus is recognized by IFI16
(5, 47, 48), downregulation of IFI16 by viral proteins or host
intrinsic regulators such as STING potentially inhibit IFI16-
p53–dependent apoptosis, which may eventually lead to
ith nutlin-3 (G, 0–20 μM; H and I, 20 μM; J, indicated) for 18 h (G–I) or 24 h (J).
sion level of PUMA (H) and BAX (I) was measured by RT-quantitative PCR and
/PI for apoptosis analysis. The experiment was repeated three times, and the
p < 0.001; unpaired Student’s t test). BAX, Bcl-2–associated X protein; DMSO,
cible factor 16; IFN-γ, interferon gamma; ns, not significant; PI, propidium
nterferon genes.



Figure 7. Working model. The IFI16-p53 positive feedback regulation promotes Ser392 phosphorylation of p53, p53 transcriptional activity, p53 target
gene expression, the loss of ΔΨm, and the p53-dependent apoptosis in tumor cells. However, STING-mediated degradation of the accumulated IFI16 re-
strains these IFI16-p53–dependent effects. IFI16, interferon-γ–inducible factor 16; Ser392, serine 392; STING, stimulator of interferon genes.
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tumorigenesis. STING-mediated degradation of IFI16 benefits
the host cells to avoid excessive IFN-I production and auto-
immunity during antiviral immunity against these tumorigenic
viruses. However, this negative regulation also blocks p53-
dependent apoptosis, which may account for the tumorigenic
activity of some DNA viruses. Several nutlin family antagonists
blocking p53–MDM2 binding including RG7112 and RG7388
have been undergoing clinical investigation (49–51). IFI16 can
be induced by damaged DNA or transcriptional activation.
Our current findings imply that the traditional chemotherapy,
radiotherapy, or p53–MDM2 target antagonist therapies may
suffer a restraining in some tumors like osteosarcoma or
NSCLC with high STING expression levels, which counteract
p53-dependent tumor cell apoptosis. This study also provided
an alternative strategy to avoid tumorigenesis during tumor
viral infection, that is, ensuring enough IFI16 stabilization or
Ser392-phosphorylated p53, via the inhibitors to avoid IFI16
degradation combined with nutlin family antagonist treatment.
Experimental procedures

Cell lines and reagents

Human NSCLC A549 cells and human embryonic kidney
293T (HEK293T) cells were purchased from American Type
Culture Collection. Human osteosarcoma U2OS cells, human
NSCLC cells NCI-H1299, and human large cell lung cancer
cell line NCI-H460 were purchased from the Cell Bank of
Chinese Academy of Sciences. WT and IFI16−/− keratinocyte
HaCaT cells were generously provided by Professor Leonie
Unterholzner (University of Edinburgh). A549 and HaCaT
cells were cultured in Dulbecco’s modified Eagle’s medium,
and the resting cell lines were cultured in RPMI1640, sup-
plemented with 10% heat-inactivated fetal bovine serum, 100
units/ml penicillin, and 100 μg/ml streptomycin, at 37 �C and
10% CO2. For apoptosis assay and mitochondrial membrane
potential assay, A549 and NCI-H1299 cells were cultured with
5% fetal bovine serum when nutlin-3 was added into the me-
dium. Primary anti-IFI16 antibody (#sc-8023) and mouse anti-
p-p53 (Ser392) antibody (#sc-51690) were purchased from
Santa Cruz Biotechnology. Mouse anti-STING antibody
(MABF270) was purchased from Millipore. Rabbit anti-STING
antibody (#13647), rabbit anti-p-p53 (Ser392) antibody
(#9281), anti-p53 (Thr81) antibody (#2676T), anti-p-p53
(Ser46) antibody (#2521T), anti-p-p53 (Ser20) antibody
(#9287T), anti-p-p53 (Thr18) antibody (#2529T), anti-p-p53
(Ser15) antibody (#9284), anti-p53 antibody (#2524), anti-
MDM2 antibody (#86934), anti-caspase 3 antibody (#9662),
anti-cleaved caspase 3 antibody (#4199), anti-p38 antibody
(#8690), anti-hemagglutinin horse radish peroxidase (HRP)–
conjugated antibody (#2999), and anti-GAPDH antibody
(#5174) were purchased from Cell Signaling Technology.
Anti-p53 (HRP) antibody (#ab204452) and anti-PKR
antibody (#ab32052) were purchased from Abcam. Anti-α-
Tubulin antibody (#5168), anti-Flag antibody (#F1804),
and HRP-conjugated anti-Flag antibody (#A8592) were pur-
chased from Sigma–Aldrich. Anti-mouse IRDye800CW
J. Biol. Chem. (2021) 297(2) 100930 11
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secondary antibody (#926-32212), anti-rabbit IRDye800CW
secondary antibody (#926-32213), anti-mouse IRDye680RD
secondary antibody (#926-68072), and anti-rabbit
IRDye680RD secondary antibody (#926-68073) were pur-
chased from LI-COR. Recombinant human IFN-γ was pur-
chased from InvivoGen, CDDP was obtained from Beyotime
Biotechnology, and nutlin-3 was purchased from Selleck.
Generation of IFI16−/− U2OS cells and STING stably expressing
cell lines

U2OS single clonal cells lacking IFI16 were generated using
CRISPR/Cas9 technology (52, 53). Two separate single guide
RNAs targeting IFI16 were inserted into the lentiCRISPR v2
vectors expressing a Cas9 gene (Addgene; #52961). The
following were the two single guide RNA targeting sequences:
#1, 50-TATACCAACGCTTGAAGACC-30; #2, 50-CCACA
AGCAGCACTGTCAAA-30. Lenti-CRISPR virions were pro-
duced by transfecting HEK293T cells with the following
plasmids: CRISPR/Cas9 vector, pMD.2G, pRSV-REV, and
pMDlg/p-RRE. Viral supernatants were harvested after 72 h
and used to infect U2OS cells in the presence of 6 μg/ml
polybrene (EMD Millipore). Transduced cells were selected
with 4 μg/ml puromycin (InvivoGen) at 48 h after trans-
duction. After 4 weeks of selection, single cell clones were
established and subjected to genotyping and immunoblotting
to confirm the deletion of IFI16 expression and the homoge-
neity of each cell clone. The STING stably expressing cells
were generated based on the WT and IFI16−/− U2OS cell lines.
In brief, the hemagglutinin-STING–expressing plasmid with a
pcDNA3.1 backbone was transfected into U2OS cells. Trans-
fected cells were selected with 800 μg/ml G418 (Thermo
Fisher Scientific) at 48 h after transfection. After 4 weeks of
selection, single-cell clones were established and subjected to
Western blotting to confirm the expression of STING of each
clone.
Construction and mutation of vectors

All the WT IFI16, STING, and p53 plasmids were gifts from
Professor Genhong Cheng (University of California). The
Flag-p53(S392A) vectors were generated by PCR amplification
using a pair of oligonucleotide primers (forward: 50-CCG
CTCGAGCGATGGACTACAAGGACGACGATGACAAG-30,
reverse: 50- GCGGGATCCTCAGTCTGCGTCAGGCCCTTC
TGTCTTG-30) and WT p53 plasmid as templates by sub-
cloning. The Flag-IFI16-K3/4/6R mutants were generated in
the previous study (7). The sequence of all constructs was
verified by Sanger DNA sequencing and immunoblotting.
Cell transfection and stimulation

Transient transfection of plasmids was performed with
polyethylenimine (Polysciences) into different cell lines ac-
cording to the manufacturer’s instructions. Plasmids were
transfected into A549, NCI-H1299, and NCI-H460 cells at the
ratio of 3 μl:1 μg (reagents/DNA), into U2OS cells at the ratio
of 2 μl:1 μg (reagents/DNA), into HEK293T cells at the ratio of
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1 μl:1 μg (reagents/DNA). Cells were treated with nutlin-3,
CDDP, or IFN-γ as indicated in the figure legends.

Mitochondrial membrane potential (ΔΨm) analysis by JC-1
staining

For monitoring the loss of ΔΨm in early apoptotic cells,
A549/U2OS cell lines pretreated as indicated in the figure
legends were harvested by trypsin and stained by JC-1 dye
according to the manufacturer’s instruction (Meilunbio). JC-1
is predominantly aggregated with a red to orange fluorescence
in cells with high ΔΨm (Fig. 2A, green spots). When cells
become apoptosis caused by mitochondrial depolarization or
ΔΨm loss, the dye yields monomers with green fluorescence
(Fig. 2A, red spots). The percentage of green/red fluorescence-
positive cells was analyzed on an Attune NxT Acoustic
Focusing Cytometer (ThermoFisher Scientific). The loss of
cellular ΔΨm was indicated by an increase in the green/red
fluorescence–positive (monomers/aggregates) cell ratio.

Apoptosis analysis by FITC–annexin V and propidium iodide
staining

For monitoring IFI16-p53 signaling–associated cell
apoptosis, U2OS cells, A549 cells, or NCI-H1299 cells pre-
treated as indicated in the figure legends were harvested by
trypsin and analyzed by flow cytometry using FITC–annexin V
and propidium iodide staining kit according to the manufac-
turer’s instruction (BD Pharmingen). Apoptotic cells were
identified as annexin V+ on an Attune NxT Acoustic Focusing
Cytometer.

Cell viability analysis by Cell Counting Kit-8

Seed cells in 96-well plates and transfect the cells with
empty vector, Flag-IFI16, or Flag-STING vectors. About 8 h
post transfection, nutlin-3 was added into the medium for
24 h. Discard the old medium and add Cell Counting Kit-8
(Dojindo) solution containing medium to each well of the
plates. Incubate the plate for 2 h and measure the absorbance
at 450 nm using a microplate reader.

Quantitative real-time PCR

Total RNA was extracted using the RNeasy Mini Kit from
QIAGEN (Hilden), and complementary DNA was synthesized
using the PrimeScript RT Master Mix (Takara). Quantitative
real-time PCR amplification was performed using TB Green
Premix Ex Taq (Tli RNaseH Plus; Takara) on a Roche Light-
Cycler 480 II system. The relative mRNA expression level of
genes was normalized to the internal control ribosomal protein
RPL32 gene by using 2−ΔΔCt cycle threshold method (54). The
primer sequences for quantitative PCR were from primer bank
(55), and they are available upon request.

Immunoblotting

Whole cell lysates were prepared in lysis buffer (50 mM
Tris–HCl, pH 7.5, 150 mM NaCl, 1% [v/v] Nonidet P-40, and
0.5 mM EDTA) supplemented with cOmplete Protease
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Inhibitor Cocktail (Roche). For phosphorylation detection, the
lysis buffer was supplemented with Roche PhosSTOP (Roche).
The total cell lysate was subjected to SDS-PAGE, and immu-
noblot analysis was performed with indicated primary anti-
bodies and the LI-COR IRDye secondary antibodies. The
antigen–antibody complexes were visualized by chem-
iluminescence (ECL, Millipore) on Bio-Rad ChemiDoc XRS+
system or directly by Odyssey CLx Imaging System (LI-COR).
Mitochondrial staining

To test whether nutlin-3 and IFI16 lead to mitochondrial
depolarization, Mito-Tracker Red CMXRos (Beyotime
Biotechnology) was used for mitochondrial staining according
to the manufacturer’s instruction. Briefly, discard the culture
medium and wash cells two times with nonserum culture
medium. The 37 �C preheated Mito-Tracker Red CMXRos
working solution was directly added into living cells seeded on
glass coverslips, 37 �C, and 20 min. After staining, the cells
were washed with PBS three times and then stained by 40,6-
diamidino-2-phenylindole (DAPI) or antibodies for immuno-
fluorescence detection.
Immunofluorescence

Pretreated A549 or U2OS cells plated on glass coverslips
were fixed using 4% formaldehyde for 20 min and per-
meabilized with 0.2% Triton-X100 for 10 min. Next, the cells
were blocked and incubated with rabbit anti-p-p53 (Ser392),
mouse anti-Flag, mouse anti-IFI16, or mouse anti-STING
primary antibodies overnight. After washing three times with
PBS, cells were incubated with secondary antibodies to each of
the primary antibodies for 1 h, and the cells were washed with
PBS three times and then stained by DAPI. Slides were eval-
uated using a LEICA TCA SP8 confocal microscope (Leica
Microsystems). Cell images obtained were exported using the
LCS software package into tag image file format for further
analysis.
In situ proximity ligation assay

Duolink In Situ Proximity Ligation Assay Detection Kit
(Sigma–Aldrich) was used to identify endogenous p38 or PKR-
mediated Ser392 phosphorylation on p53. Pretreated A549
cells plated on glass coverslips were fixed using 4% formal-
dehyde for 20 min and permeabilized with 0.2% Triton-X100
for 10 min. The fixed cells were blocked and incubated with
mouse anti-p-p53 (Ser392) and rabbit anti-PKR primary an-
tibodies overnight. In the next steps, incubation of secondary
antibodies, ligation, and signal amplification were finished
according to the manufacturer’s instructions. When the two
primary antibodies are in close enough proximity, the ampli-
fication will generate a signal (red spot). After DAPI staining,
cells were detected on a LEICA TCA SP8 confocal microscope.
Images were exported using the LCS software package into
tag image file format. Cellular interaction signals were
determined by ImageJ software (Laboratory for Optical and
Computational Instrumentation) for statistical analysis.
Firefly luciferase reporter assay

A549 or U2OS cell lines were seeded in 24-well plates at a
density of 1.0 × 105cells per well and cultured for 24 h. The
cells were transfected with a mixture of p53 firefly luciferase
reporter plasmid (p53-luc) and other indicated plasmids using
polyethylenimine transfection reagents. After 8 h, the trans-
fection medium was replaced with fresh medium with or
without nutlin-3. About 24 h or 32 h (indicated in the figure
legends) after transfection, cells were lysed and luciferase ac-
tivity was measured using the Luciferase Reporter Assay Sys-
tem (Promega) according to the manufacturer’s instruction.
Statistics

The number of experimental repeats are shown in figure
legends. All bar graphs are shown as means with SD. Statistical
analysis was performed with Student’s t test in GraphPad
Prism 8 software (GraphPad Software, Inc). p Value less than
0.05 was considered significant. *p < 0.05, **p < 0.01, and
***p < 0.001.
Data availability

All the data are contained in the article and supporting
information.
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