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Activation of the atypical NF-kB pathway induced by ionizing
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DNA double-strand breaks induced by ionizing radia-
tion can activate the atypical NF-kB pathway via ATM-
mediated phosphorylation of NEMO/IKKy. We aimed
to determine whether the status of p53 influenced the
activation of this particular NF-kB pathway. The NF-kB
signaling was activated either by irradiation with a sin-
gle 8 Gy dose or by TNFa cytokine in p53-proficient and
p53-deficient variants of HCT116, RKO, and U2-OS hu-
man cancer cell lines. To assess pathway activation the
kinetics of phosphorylation (Ser32) and proteolytic deg-
radation of IkBa inhibitor and phosphorylation (Ser536)
of RelA(p65) NF-kB subunit were analyzed. Though acti-
vation of the radiation-induced atypical pathway was de-
layed and weakened when compared to the cytokine-in-
duced canonical pathway, no significant differences were
noted between p53-proficient and p53-deficient variants,
which indicated that activation of both NF-kB pathways
was not affected by the p53 status. In marked contrast,
the presence of p53 significantly affected downstream
effects of NF-kB activation, i.e. transcription of NF-kB-
dependent genes. However, different patterns of such
interference were observed, which indicated gene-specif-
ic and cell-specific mechanisms of interactions between
NF-kB and p53 at the transcription regulation level.
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INTRODUCTION

NF-xB is a transcription factor regulating cell re-
sponse to different types of stimuli, whose primary func-
tion is regulation of the immune response and inflam-
mation. However, the xB responsive element was found
in regulatory regions of several hundred genes, therefore
this factor could also regulate genes involved in many
other processes, including apoptosis, cell cycle, angiogen-
esis, and metastasis. Hence, up-regulation of the NF-xB
pathway is frequently observed in cancer cells which may
contribute to their resistance to the anticancer treatment
(Vallabhapurapu & Karin, 2009; Hayden & Ghosh, 2012;
Perkins, 2012; Taniguchi, & Karin, 2018). NF-«B tran-

scription factors are dimers formed by members of the
multigene NFxB/Rel family which in humans includes
five proteins. In general, in resting cells, NF-»B dimers
are sequestered in the cytoplasm by association with in-
hibitory proteins called IxB. Pro-inflammatory extracellu-
lar signals or cellular stress can induce activation of IxB
kinase (IKK), which in turn phosphorylates IxB protein
that allows freeing and translocation of NF-»B to the nu-
cleus and its binding to the xB DNA regulatory elements
(Perkins, 2012; Hoesel & Schmid, 2013). The RelA(p65)/
NF-xB1(p50) heterodimer is the most abundant NF-xB
form which is involved in the so-called “classical” or
“canonical” NF-¥B pathway. This pathway is primarily
activated by pro-inflammatory stimulation (e.g. by the
TNFa cytokine) and involves IKK@-catalyzed phospho-
rylation and subsequent proteolysis of IxBa inhibitory
protein. Moreover, an alternative (“non-canonical”) path-
way exists, which involves IKKa-mediated phosphoryla-
tion and processing of the NF-xB2(p100) form, leading
to induction of p52-containing NF-xB complexes (Sun,
2011). Additionally, several “atypical” pathways were also
described, including radiation inducible mechanisms of
NF-»B activation (Wu & Miyamoto, 2007, Habraken &
Piette, 2000; Kriete & Mayo, 2009). It is well document-
ed that the DNA double-strand break, a critical form of
damage induced by ionizing radiation (IR), can activate
NF-»B signaling via ATM-dependent mechanisms (Brach
et al., 1991; Li & Karin, 1998). There are multiple path-
ways of ATM-mediated activation of IKK via NEMO/
IKKy, which leads to phosphorylation and proteolytic
degradation of IxBoa with subsequent nuclear transloca-
tion of RelA(p65)/NF-»«B1(p50) heterodimer (Huang e
al., 2003; Janssens et al., 2005; Wu ez al., 2006; Janssens
& Tschopp, 2006). More recently, a non-canonical mech-
anism of activation of the DNA sensing adaptor STING
induced by DNA breaks, which depends on IFI16 and
ATM, and leads to activation of the innate immune re-
sponse via activation of NF-»B, was also noted (Dunphy
et al. 2018).

Among the major factors involved in cellular response
to ionizing radiation is the p53 protein, a transcription
factor encoded by the TP53 gene. The main function of
p53 is regulation of genes involved in response to DNA
damage, including genes involved in the cell cycle arrest
(enabling DNA repair) or apoptosis (enabling removal
of cells if DNA damage exceeds the “repairable” thresh-
old). Moreover, genes targeted by p53 are also involved
in cell senescence, angiogenesis, metastasis, and innate
immunity (Levine & Oren, 2009; Blagih e# a/., 2020). The
major signal transduction pathways involved in cellular
stress response do not function separately, and the final
response usually depends on the interaction between dif-
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ferent pathways. Hence, it is important to note that dif-
ferent mechanisms of crosstalk between the NF-»B and
p53 pathways exist (Carra ef al., 2020). NF-«B can regu-
late transcription of genes coding for p53 and its regu-
lator M/HDM2 (Tergaonkar ¢t al., 2002). On the other
hand, products of p53-regulated genes can be involved
in phosphorylation and dephosphorylation of NF-xB
(Bohuslav ez al., 2004; Chew et al., 2009). Furthermore,
the p300/CBP complex (with a histone acetyltransferase
activity) is a transcription co-activator essential for ex-
pression of genes activated by both p53 and NF-xB,
and both transcription factors compete for binding to it
(Webster & Perkins, 1999; Huang ez al, 2007). Moreo-
ver, several genes co-regulated by both transcription fac-
tors were described (Szoltysek e al., 2018). Interestingly,
however, even though p53 is the critical factor involved
in numerous aspects of cellular response to ionizing ra-
diation, its role in regulation of the radiation-activated
atypical NF-xB pathway is not well understood. Hence,
we aimed here to determine whether the p53 status in-
fluenced activation of this particular NF-xB pathway.

MATERIALS AND METHODS

Experimental model

Experiments were performed using established
HCT116 and RKO colon carcinoma and U2-OS osteo-
sarcoma cell lines, with two variants each: p53-proficient
and p53-deficient. The HCT116 variant, depleted of the
TP53 gene due to a bi-allelic knock-out (Bunz ef al,
1998), was a generous gift from Dr. B. Vogelstein. The
RKO variant, stably transfected with the human papil-
lomavirus E6 protein gene (Kessis e al, 1993), was a
generous gift from Dr. M.B. Kastan. The U2-OS variant,
depleted of p53, was generated by TP53 mutation using
CRISPR Double Nickase Plasmid system (Santa Cruz
Biotechnology). Cells were transfected with a pair of
plasmids, either TP53-targeting (sc-416469-NIC) or con-
trol (sc-437281). Each pair of plasmids encodes modified
Cas9 nuclease and target-specific guide RNA (gRNA)
(each gRNA targets a sequence on a complementary
DNA strand). Following transfection, Cas9 guided by
gRNAs generated a double-strand break in a target site,
which was repaired in an error-prone fashion generat-
ing either frameshift mutations or amino acid deletions.
Cells cultured in an antibiotic-free medium were trans-
fected with the plasmid, 72 hrs after the start of trans-
fection puromycin was added to the medium, then the
selection lasted for 72 hours (to eliminate cells that were
not transfected). To select p53-knockout clones, cells
were counted and seeded into the round-bottom 96-well
plate at the calculated density of 0.3 cells per well. After
10-14 days of culture, cell populations from individual
wells were transferred to larger culture dishes, expand-
ed, and tested for p53 expression by Western blotting.
RKO and U2-OS cells were grown in DMEM/F12 me-
dium (Biowest), while HCT116 cells were grown in Mc-
Coy’s 5A (Biowest), with a final concentration of 10%
FBS (Gibco), and gentamicin (40 mg/ml, Krka), at 37°C
in a humidified 5% CO, atmosphere. The cells were in-
oculated 48 hours before treatment and 20 hours before
treatment the culture media were changed. Cells were ir-
radiated with a single dose of 8 Gy at a 1Gy/min dose
rate using 6 MeV photons and a linear accelerator (True
Beam, Varian) or incubated with TNFo cytokine (20 ng/
ml; Peprotech). Cells were harvested 5, 15, 30, 60, and
120 minutes after irradiation or incubation with TNFa,

then washed with PBS, frozen on dry ice, and stored at
—80°C. For gene expression analysis, the cells were hat-
vested 4 hours after irradiation or incubation with TNFa
and suspended in TRIzol (A&A Biotechnology).

Western blot analysis of proteins

Lysis of cells and Western blot procedure was
performed as described in detail by Zajkowicz and
others (Zajkowicz e/ al, 2015). Briefly, to prepare
whole-cell lysates, cell pellets were suspended in the
IP buffer (composed of 50 mM Tris-HCl, pH 8.0,
120 mM NaCl, 0.5% NP-40 and supplemented with a
protease and phosphatase inhibitors cocktail), incubated
on ice for 20 min, and centrifuged (14000 rpm, 4°C,
20 min). Two volumes of lysate were mixed with one
volume of Laemmli buffer (150 mM Tris (pH 6.8), 6%
SDS, 30% glycerol, 0.01% bromophenol blue, 7.5%
B-mercaptoethanol), then heat-denatured (95°C, 5 min),
chilled on ice and stored at —70°C. Equal amounts of
protein lysates (30 pg) were separated by SDS-PAGE
on 8% or 12% gels and electrotransferred onto PVDF
membranes. The membranes were blocked for 1 hour at
RT in blocking buffer (5% nonfat milk in PBS with 0.1%
Tween-20), then incubated overnight at 4°C with the
following primary antibodies: anti-phospho-Ser536-p65
(Cell  Signalling Technology, #3031), anti-phospho-
Ser32-InBa (Cell Signalling Technology, #2859), anti-
phospho-Ser15-p53 (Cell Signalling Technology #9284),
anty-phospho-Thr68-Chk2 (Cell Signalling Technology,
#2661), anti-InBa (Cell Signalling Technology, #9242),
anti-phospho-Ser1981-ATM (Cell Signalling Technology,
#5883), anti-p53 (Santa Cruz Biotechnology, DO-
1), and anti-HSC70 (Santa Cruz Biotechnology, B-0).
Membranes for anti-phospho-ATM were washed 3 times
for 5 min with PBS-Tween and incubated with the
primary antibody in 5% BSA. HRP-conjugated secondary
antibodies  were  detected by  chemiluminescence
(SuperSignal West Pico, Thermo Scientific).

Gene expression analysis

Total RNA was isolated and digested with DNAse
using Total RNA Zol-Out™ D kit (A&A Biotechnol-
ogy). cDNA synthesis was performed with Random
Hexamers using M-MLV Reverse Transctiptase (200 U/
pL, Thermo Scientific), 1 ug of total RNA was used as
a template. The transcript levels of selected genes were
analyzed by qRT-PCR (CFX96, BioRad) with application
of the SYBR Green C dye (M1, A&A Biotechnology).
The sequences of primers and PCR conditions were de-
scribed in detail by Janus and others (Janus e# 4/, 2018).
All reactions were carried out in triplicate, and expres-
sion levels were normalized according to the GAPDH
and HNRNPK housekeeping genes. Changes in expres-
sion of analyzed genes were addressed as a fold-change
against an untreated control. The set of delta-Cq repli-
cates (Cq values for each sample normalized against the
geometric mean of the reference genes) was used to as-
sess the significance of differences by the Student’s ~test;
$<0.05 was selected as the significance threshold.

RESULTS

To analyze the influence of p53 protein status on acti-
vation of the NF-xB pathway, three different cell models
were included. HCT116 colon cancer cells were depleted
of p53 due to a bi-allelic knock-out of the TP53 gene
Bunz et al., 1998) (original HCT116 cells were used as a
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Figure 1. Activation of response to ionizing radiation in cells with different p53 statuses.

The level of phosphorylated forms of p53 (Ser15), ATM (Ser1981), and CHK2 (Thr68) was analyzed by Western blot, 5 to 120 minutes
after irradiation with 8 Gy in p53-proficient and p53-deficient HCT116, RKO, and U2-OS cells. Positions of relevant molecular weight
markers are shown with arrows; HSC70 was used as a loading control; p53-proficient and p53-deficient cells were analyzed in the
same experiment serving as the anti-p53 and anti-P-p53 antibodies’ positive control. The bars represent the levels of analyzed proteins
determined by densitometry of representative gels and normalized to HSC70.

p53-proficient variant). RKO colon cancer cells were de-
pleted of p53 due to co-expression of the human papillo-
mavirus E6 protein gene that binds to p53 and stimulates
its proteasomal degradation (Kessis ¢/ al, 1993) (cells sta-
bly transfected with empty vector were used as a p53-pro-
ficient variant). U2-OS osteosarcoma cells were depleted
of p53 due to CRISPR-mediated frameshift mutation in
the N-terminal part of p53 followed by selection of clones
that do not produce the p53 protein (cells processed with
a non-targeting scrambled gRNA were used as a p53-pro-
ficient variant). Depletion of p53 protein in all three cell
lines was confirmed by Western blot (Fig. 1). Radiation
response induced by a single 8 Gy dose was analyzed in
p53-proficient and p53-deficient cells at time points rang-
ing between 5 and 120 minutes after irradiation. In all
cell lines, irrespective of the p53 status, activation of the
ATM kinase (activating phosphorylation of Ser1981) was
observed 5 minutes after irradiation, which was accompa-
nied by phosphorylation of the CHK2 kinase (Thr68), i.c.,
the primary target of the ATM kinase. Hence, we con-
cluded that IR-induced activation of the ATM kinase was
independent of the p53 status in the included cell mod-
els. Moreover, activating phosphorylation of p53 at Serl5,
which is another ATM target (Banin e al, 1998), was
observed in p53-proficient variants (it gradually increased
starting at 5 minutes after irradiation) (Fig. 1).

Cell variants characterized above were used to analyze
the influence of p53 protein status on activation of the
canonical NF-xB pathway induced by TNFua cytokine
and the atypical ATM-dependent NF-»B pathway in-
duced by a high dose of IR. To characterize this acti-
vation, kinetics of the IKIK-mediated phosphorylation of
IxBa at Ser32, which is 2 common event in both NF-
»B pathways, were analyzed between 5 and 120 minutes
after stimulation. Moreover, activating phosphorylation
of p65/RelA NF-»B subunit at Set536 was analyzed at
the same time points (Fig. 2). Strong phosphorylation
of InBa was observed after 5 minutes (HCT116 and
U2-0OS) or 15 minutes (RKO) of cytokine stimulation,
which was followed by a marked reduction in the total
InBa level after approximately 30 minutes of stimula-
tion (the later increase in IxBa level resulted from its
de novo synthesis due to NF-xB-dependent activation of
the NFKBLA gene). Moreover, strong phosphorylation
of p65/RelA was also obsetved after 5-15 minutes of
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Figure 2. Activation of the NF-kB pathway in cells with different
p53 statuses.

The level of the phosphorylated form of IkBa (Ser32), total IkBa,
and phosphorylated form of p65 (Ser536) was analyzed by West-
ern blot, after 5 to 120 minute incubation with TNFa or irradia-
tion with 8 Gy in p53-proficient and p53-deficient HCT116, RKO,
and U2-0OS cells. Positions of relevant molecular weight markers
are shown with arrows; HSC70 was used as a loading control. The
bars represent the levels of analyzed proteins determined by den-
sitometry of representative gels and normalized to HSC70.
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cytokine stimulation. Although some differences in the
kinetics of IxBa phosphorylation/degradation and p65/
RelA phosphorylation were detected among the three
analyzed cell lines, both p53-proficient and p53-deficient
variants of each cell line responded to stimulation with
TNFa cytokine in the same way (Fig. 2). Hence, we con-
cluded that activation of the canonical NF-xB pathway
was not affected by the p53 status.

Activation of the NF-xB pathway in irradiated cells
was markedly delayed when compared to cells stimu-
lated with the TNFo cytokine: phosphorylation of IxBa
started 15-30 minutes after irradiation and lasted up to
120 minutes after irradiation. Moreover, a significantly
reduced level of the total IxBa was noted only in the
RKO cells (60 minutes after irradiation). Similarly, a de-
lay in phosphorylation of p65/RelA was noted — a high
level of Ser536-P form was observed 60-120 minutes
after irradiation. And again, though some differences
in the kinetics of radiation-induced IxBo and p65/RelA
phosphorylation were detected among the three analyzed
cell lines, both p53-proficient and p53-deficient vari-
ants of each cell line responded similatly to irradiation

HCT116

(Fig. 2). Hence, we concluded that though activation
of the IR-induced atypical NF-«B pathway was weaker
and delayed when compared to the canonical cytokine-
induced pathway, it was not affected by the p53 status.
We also analyzed expression of the NF-xB-dependent
genes in p53-proficient and p53-deficient cells stimulat-
ed with the TNFo cytokine or irradiated with a single
8 Gy dose. Five classical NF-xB targets were selected
(CXCLS, TNFAIP3, NFKB2, BIRC3, and PLAU), as
well as the RRAD gene, which was previously described
as transcriptionally co-activated by p53 and NF-xB
(Szoltysek ez al, 2018). The expression level of these
genes was analyzed by qRT-PCR after 4 hours of stimu-
lation to better visualize effects induced by irradiation
(according to a previous report IR-induced expression of
NF-xB-dependent genes is generally weaker and delayed
when compared to their cytokine-induced expression
(Janus e al. 2018)). Though effects of cytokine stimula-
tion were generally stronger than effects of irradiation,
very different expression patterns were observed for dif-
ferent genes and cell lines. For example, in p53-profi-
cient HCT116 cells expression was usually lower, while
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Figure 3. Expression of NF-kB-dependent genes induced by the TNFa cytokine or 8 Gy irradiation in cells with different p53 statuses.
The level of mRNA transcripts was analyzed by qRT-PCR after 4 hours of cytokine stimulation (TNFa) or 4 hours after irradiation (IR) in
p53-proficient (+) and p53-deficient (-) HCT116, RKO, and U2-OS cells. Significance of changes against untreated controls (fold-change,
logarithmic scale) is marked with hashtags (p<0.05), significance of differences between cells with different p53 statuses is marked with

asterisks (p<0.05).
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in p53-proficient U2-OS cells expression was usually
higher than in the corresponding p53-deficient variants,
which putatively reflected gene-specific and cell type-spe-
cific differences in transcriptional regulation. Only in the
case of the RRAD gene, which is transcriptionally co-
activated by NF-xB and p53, expression was constantly
higher in all p53-proficient cell variants (Fig. 3).

DISCUSSION

Atypical NF-»B pathways that are activated in the
non-receptor mode by different factors other than in-
flammatory signals include an ATM-dependent mecha-
nism activated by DNA double-strand breaks (Janssens &
Tschopp, 2006; Habraken & Piette, 2006; Hellweg, 2015).
Though upstream activation mechanisms are distinct, the
canonical cytokine-stimulated pathway and atypical DSB-
induced pathway have the same transcriptional effec-
tor — RelA(p65)/NF-xB1(p50) heterodimer and regulate
similar subsets of genes (yet their activation is weaker
and delayed in case of the IR-induced pathway) (Janus ef
al., 2018). Although ATM-mediated phosphorylation of
NEMO/IKKy (at Set85) is a key event, a multicompo-
nent nucleoplasmic signalosome is implicated in further
modification of NEMO (SUMOylation) and full activation
of the IKK kinase. In addition to ATM and NEMO, this
signalosome may involve several other components, in-
cluding RIP1 (Huang ez al, 2003; Hur ef al., 2003), PIDD
(Janssens e/ al, 2005), PARP1 (Stilmann e al, 2009),
TRAF6 (Hinz et al, 2010), ELKS (Wu e al, 2010), and
TIFA (Fu e al., 2018). However, not all components were
observed in all experimental models, which indicated cell-
type specific and partly redundant functions of different
signalosome components. It is generally assumed that this
ATM-dependent atypical NF-«B pathway represents a
p53-independent type of DNA damage response (DDR).
However, a few links between p53 and this particular
NF-xB pathway exist. PIDD, a key component of ATM/
NEMO signalosome, is under transcriptional regulation
by p53 (Lin e al, 2000). On the other hand, in addi-
tion to phosphorylation of IxBe, an activated IKK kinase
phosphorylates RelA(p65) at Ser536, which participates
in regulation of nuclear translocation of RelA(p65)/NF-
#«B1(p50) heterodimer (Sakurai ez a/, 2003; Mattioli e# al.,
2004). Moreover, phosphorylation of RelA(p65) at Ser536
weakens its interactions with IxBe, which could provide
an activation mechanism independent of IxBa phospho-
tylation/degradation (Sasaki ez al, 2005). It is noteworthy
that two proteins that are under transcriptional regulation
by p53 could be involved in phosphotylation/dephospho-
rylation of RelA(p65) at Ser536: the RSK1 protein kinase
(Bohuslav ¢z al., 2004) and the WIP1 protein phosphatase
(Chew ez al., 2009). Therefore, the status of p53 could hy-
pothetically affect activation of the atypical NF-xB path-
way induced by DNA DSB.

In this report we aimed to test this hypothesis by us-
ing three different models, and compared cell variants that
cither contained functional p53 or were depleted of this
protein. A single high dose of IR activated ATM-depend-
ent DDR (including activation of p53 in p53-proficient
cells), which resulted in activation of NF-xB. We used the
same cell models to activate the canonical NF-xB pathway
upon cytokine stimulation, which did not activate ATM-
dependent DDR. Although some differences in the ki-
netics of IR-induced activation of NF-«B were observed
among the three analyzed cell lines, no significant differ-
ences were noted between p53-proficient and p53-defi-
cient variants. As expected, IR-induced activation of NF-
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Figure 4. Schematic presentation of hypothetical influence of
p53 on the IR-induced activation of the atypical NF-kB pathway
and subsequent activation of NF-kB-dependent genes.
Components of the ATM-NEMO signalosome are marked as ovals
with solid borders.

#B was weakened and delayed when compared to the cy-
tokine-induced activation. However, similar to IR-induced
effects, though certain differences were noted among the
analyzed cell lines, similar kinetics of cytokine-induced ac-
tivation of NF-«B were observed irrespective of the p53
status. Therefore, we concluded that neither activation of
the IR-induced atypical NF-xB pathway nor activation of
the cytokine-induced canonical NF-»B pathway was af-
fected by p53. It is noteworthy that similar effects were
observed in cells of endoderm (HCT116 and RKO) and
mesoderm (U2-OS) origin, which suggests its generality.
In marked contrast, we found that the presence of p53,
both in the cytokine-stimulated and irradiated cells, af-
fected expression of genes that are NF-xB targets. This
phenomenon reflected known interference between both
transcription factors, since expression of many NIF-»B-
dependent genes is directly and indirectly affected by p53
(Carra et al., 2020; Webster & Perkins, 1999; Huang e7 al,
2007; Szoltysek ez al., 2018). Interestingly, we noted differ-
ent patterns of p53-related effects that depended on the
gene and cell type, which putatively reflected gene-specific
and cell-specific mechanisms of crosstalk between both
transcription factors. Nevertheless, in contrast to activa-
tion of the pathway addressed at the level of IxBa inhibi-
tor and NF-»B effector, the downstream results of NF-xB
activation, ie., the expression of target genes, are sensi-
tive to the p53 status (which is schematically presented in
Fig. 4). Therefore, one should consider that information
on expression of the NF-»B target genes is not sufficient
and should be complemented by information on the NF-
#B itself to draw a credible conclusion on the activity of
this pathway.
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