CDDpress

ARTICLE

www.nature.com/cddiscovery

W) Check for updates

Tumor suppressor p53 mediates interleukin-6 expression to
enable cancer cell evasion of genotoxic stress
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The tumor suppressor p53 primarily functions as a mediator of DNA damage-induced cell death, thereby contributing to the
efficacy of genotoxic anticancer therapeutics. Here, we show, on the contrary, that cancer cells can employ genotoxic stress-
induced p53 to acquire treatment resistance through the production of the pleiotropic cytokine interleukin (IL)-6. Mechanistically,
DNA damage, either repairable or irreparable, activates p53 and stimulates Caspase-2-mediated cleavage of its negative regulator
mouse double minute 2 (MDM2) creating a positive feedback loop that leads to elevated p53 protein accumulation. p53
transcriptionally controls the major adenosine triphosphate (ATP) release channel pannexin 1 (Panx1), which directs IL-6 induction
via a mechanism dependent on the extracellular ATP-activated purinergic P2 receptors as well as their downstream intracellular
calcium (iCa®™")/PI3K/Akt/NF-kB signaling pathway. Thus, p53 silencing impairs Panx1 and IL-6 expression and renders cancer cells
sensitive to genotoxic stress. Moreover, we confirm that IL-6 hampers the effectiveness of genotoxic anticancer agents by
mitigating DNA damage, driving the expression of anti-apoptotic Bcl-2 family genes, and maintaining the migratory and invasive
properties of cancer cells. Analysis of patient survival and relevant factors in lung cancer and pan-cancer cohorts supports the
prognostic and clinical values of Panx1 and IL-6. Notably, IL-6 secreted by cancer cells during genotoxic treatments promotes the
polarization of monocytic THP-1-derived macrophages into an alternative (M2-like) phenotype that exhibits impaired anti-survival
activities but enhanced pro-metastatic effects on cancer cells as compared to nonpolarized macrophages. Our study reveals the
precise mechanism for genotoxic-induced IL-6 and suggests that targeting p53-mediated IL-6 may improve the responsiveness of

cancer cells to genotoxic anticancer therapy.
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INTRODUCTION

Genotoxic agents remain an important therapeutic approach to
cancer treatments [1-3]. These agents exert cytotoxic effects by
interfering with components of the DNA replication machinery
and repair, leading to extensive DNA lesions and ultimately cell
death or cell cycle blockage [4]. Although cancer cells may have
favorable initial responses to these drugs, they can deploy an
arsenal of mechanisms to impair treatment efficacy and prevent
the complete eradication of the tumors [5]. Thus, an advanced
understanding of the molecular basis of cellular responses to the
treatments would benefit the development of therapeutic
strategies to overcome drug resistance and enhance the effec-
tiveness of these genotoxic anticancer agents.

Recently, interleukin (IL)-6, an inflammation-associated cytokine
with multifaceted effects, has emerged as a critical therapeutic
target in cancer treatments [6, 7]. IL-6 is produced by multiple cell
lineages in the tumor microenvironment [7] and exerts its
oncogenic effects via both autocrine and paracrine mechanisms
[8-10]. IL-6 acts directly on cancer cells to potentiate cancer
progression, metastasis, angiogenesis, stemness, and chemoresis-
tance [8, 10-13]. It also influences stromal and tumor-infiltrating
immune cells, contributing to a highly immunosuppressive and

pro-tumorigenic tumor microenvironment [9, 13, 14]. Importantly,
IL-6 is one of the most predominantly upregulated inflammatory
cytokines in response to genotoxic treatments [9, 12, 15]. How-
ever, the molecular mechanisms by which genotoxic stress
triggers IL-6 induction are not well understood.

The tumor suppressor p53, encoded by the tumor protein p53
(TP53) gene, is a master regulator of cellular responses to diverse
stresses, including genotoxic stress [16, 17]. p53 contributes to
cancer cell sensitivity to genotoxic treatments by regulating
multiple target genes involved in cell cycle arrest, cellular
senescence, programmed cell death, metabolism, and anti-
metastasis [17-19]. p53 also provides benefits to cancer cells by
controlling many pro-survival cellular processes, such as metabolic
stress responses, redox homeostasis, and DNA repair [18, 20, 21].
These unexpected effects serve as a considerable obstacle
hampering the efficacy of p53-based anticancer therapy. None-
theless, current knowledge of the oncogenic roles of p53,
particularly in the context of genotoxic treatments, remains scarce.

In this study, we identify p53 as a key regulator mediating IL-6
induction in cancer cells during genotoxic stress. Under both
reversible and irreversible genotoxic conditions, increased p53
abundance via Caspase-2-mediated cleavage of its primary
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negative regulator mouse double minute 2 (MDM2) leads to
elevated expression of the integral membrane channel protein
pannexin 1 (Panx1), which is implicated in the release of
intracellular adenosine triphosphate (ATP) into the extracellular
space and subsequent activation of the ATP-activated purinergic
P2 receptors (P2Rs). Panx1 and P2Rs are further identified as
important contributors to genotoxic stress-induced IL-6 expres-
sion, acquired via the intracellular calcium (iCa")/PI3K/Akt/NF-kB
signaling axis. Moreover, we confirm that IL-6 favors cell survival
and motility in both autocrine and paracrine manners. Thus, the
abolishment of p53-mediated IL-6 expression effectively enhances
cellular responses to genotoxic treatments.

RESULTS

Downregulation of IL-6 renders cancer cells sensitive to
genotoxic treatments

IL-6 is a key mediator of multiple cellular processes regulating
tumor growth and treatment resistance [7]. We hypothesized that
IL-6 expression levels can predict the clinical outcome of cancer
patients. Indeed, elevated IL-6 expression was associated with
poorly differentiated (high-grade) histology, whereas IL-6 was
expressed at relatively low levels in well differentiated (low-grade)
lung adenocarcinomas (Fig. 1A). Consistently, lung cancer patients
with high IL-6 expression displayed significantly shorter disease-
free survival (DFS) (Fig. 1B) and overall survival (OS) (Fig. 1C) than
those having lower IL-6 expression. Moreover, we also observed a
similar prognostic value of IL-6 in tumors across The Cancer
Genome Atlas (TCGA) Pan-Cancer dataset (Fig. 1D), suggesting
that the role of IL-6 in promoting cancer progression and
hindering patient survival is common among a wide range of
cancers.

To gain a comprehensive understanding of the roles of IL-6
signaling in cancer cell responses to genotoxic treatments, we
started out by investigating changes in the levels of IL-6 and its
receptor (IL-6Ra) as well as in the phosphorylation of its
downstream effector STAT3 (signal transducer and activator of
transcription 3) following the treatments of cancer cells with DNA-
damaging agents, such as sodium arsenite (SA) [22], doxorubicin
(Dox) [23], or cisplatin (CisPt) [24]. IL-6 gene expression was dose-
dependently induced by SA, Dox, or CisPt in human non-small cell
lung cancer (NSCLC) A549 cells (Fig. STA-C). Moreover, Dox
elevated IL-6 expression in primary human liposarcoma cell
cultures (Fig. S1D). A gradient of increased IL-6 secretion into
the culture medium was also observed upon SA, Dox, or CisPt
treatment (Fig. 1E, F and S1E). Consistently, SA-augmented IL-6
protein expression was accompanied by the enhanced phosphor-
ylation of tyrosine (Y)705 on STAT3 (Fig. 1G), suggesting the
activation of the IL-6/STAT3 signaling pathway in response to SA
treatment. In contrast, the cell surface expression of IL-6Ra was
not altered by SA or CisPt (Fig. STF, G). Furthermore, IL-6 was
expressed at undetectable levels and was not induced by
genotoxic agents in p53-null NSCLC H1299 cells (Figs. 1E, F and
S1A-C, E). These results underscore genotoxic agents as critical
modulators of the IL-6 signaling pathway, potentially via regulat-
ing the levels of IL-6, but not membrane-bound IL-6Raq, in cancer
cells, especially in p53 wild-type (WT) cells.

We next suppressed IL-6 expression in A549 cells with either
an IL-6 short hairpin (sh)RNA system (Fig. STH, 1) or a small
interfering (si)RNA (Fig. S1J, K), and then examined cellular
responses to genotoxic treatments. We found that IL-6 knock-
down aggravated cell death induced by SA (Fig. 1H, 1), Dox
(Fig. 1J, K), or CisPt (Fig. ST1L, M) treatment. The half inhibitory
concentration (ICso) values of SA, Dox, and CisPt against IL-6-
silenced cells were markedly decreased as compared to those
against control cells (Figs. 11, K, STM, and Table S1). Moreover,
similar results were observed in human breast cancer MCF-7
(Fig. S2A-G and Table S1) and cervical cancer Hela (Fig. S2H-N
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and Table S1) cells. Consistently, pretreating A549 cells with
recombinant human IL-6 significantly augmented cell tolerance
to SA (Fig. S3A, B and Table S1). Especially, although the levels of
IL-6 appear to be undetectable in p53-null NSCLC H1299 cells
(Figs. 1E, F and S1A-C, E), IL-6 pre-treatment also enhanced the
tolerance of H1299 cells to SA (Fig. S3C, D and Table S1) or CisPt
(Fig. S3E, F and Table S1). Furthermore, treatment with
exogenous IL-6 could partially mitigate the sensitivity of IL-6-
silenced cells to SA (Fig. S3G, H and Table S1) or Dox (Fig. S3I, J
and Table S1). These results suggest that the levels of IL-6
expressed in cancer cells are inversely correlated with the
sensitivity of cancer cells to genotoxic agents.

To decipher the downstream targets of IL-6 signaling in
genotoxic tolerance, the expression of DNA double-strand breaks
indicator yH2A.X (phosphorylated histone H2A member X) and
several anti-apoptotic genes, including Bcl-2, Bcl-xL, and Mcl-1 was
evaluated. In line with the reduced STAT3 phosphorylation
following IL-6 silencing, yH2A.X protein levels were dramatically
upregulated in both control and SA-treated A549 cells (Fig. 1L).
Moreover, the gene expression of Bcl-xL and Mcl-1, but not Bcl-2,
was dose-dependently increased upon SA treatment (Fig. S3K-M),
whereas these effects could be diminished by IL-6 depletion (Fig.
1M, N). These results suggest that IL-6 signaling may modulate
DNA damage repair and anti-apoptotic functions to allow cancer
cells to endure genotoxic stress.

IL-6 is an important mediator of cell motility and invasiveness
[7, 11, 13]. Because there was no significant difference in cell
proliferation between control and IL-6-depleted cells in either the
presence or absence of 20 uM SA at 24 h post-treatment (Fig. S3N),
we chose the condition of 24-h-treatment with a non-toxic
concentration of SA (20 uM) or Dox (0.1 uM) to define the role of
IL-6 in cell migration and invasion under genotoxic stress. As
expected, IL-6 silencing heightened the anti-migratory (Fig. 10)
and -invasive (Fig. 1P) activities of SA and Dox. Collectively, these
data support the notion that IL-6 confers genotoxic resistance and
is an important modulator of invasive cell migration under
genotoxic conditions.

Panx1 contributes to genotoxic stress-induced IL-6 and has
clinical relevance

Next, we focused on the molecular mechanisms underlying the
induction of IL-6 by genotoxic stress. Accumulating evidence
shows that the major ATP release channel pannexin 1 (Panx1) is
implicated in inflammatory cytokines production and inflamma-
tion [25-27]. Panx1 gene expression was dose-dependently
amplified upon SA or Dox treatment in A549 cells (Fig. 2A, B).
Dox also heightened Panx1 mRNA levels in primary human
liposarcoma cell cultures (Fig. 2C). Notably, Panx1 transcription
was tightly correlated with IL-6 gene expression in both primary
human liposarcomas (Fig. 2D) and clinical tumor tissues
(Fig. 2E, F). Furthermore, both Panx1 and IL-6 mRNA levels
displayed direct correlations with the expression of factors
relevant to DNA damage repair (ATM, ATR, BRCA1, BRCA2, Chk1,
and PRKDC), anti-apoptosis (Mcl-1), and epithelial-mesenchymal
transition (EMT) (Snail, Slug, Vimentin, N-cadherin, TWIST1,
TWIST2, and MMP9), but not with that of genes related to pro-
apoptosis (Bad) and EMT inhibition (E-Cadherin, EPCAM, TJP3,
and Occludin) (Fig. 2F). Inhibition of Panx1 channel function
with carbenoxolone (CBX), a potent and widely used Panx1
inhibitor [28], led to significant decreases in both SA/Dox-
induced IL-6 gene expression and protein secretion (Fig. 2G, H),
suggesting that Panx1 is critical for IL-6 induction upon
genotoxic treatments.

We then investigated the clinical values of Panx1. Similar to IL-6,
Panx1 mRNA was strongly expressed in poorly differentiated lung
adenocarcinomas but was only weakly expressed in their well
differentiated counterparts (Fig. 2I). Elevated Panx1 expression
was correlated with impaired DFS (Fig. 2J) and OS (Fig. 2K) in lung
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cancer patients. Moreover, Panx1 mRNA levels are inversely
correlated with the OS of cancer patients across the TCGA Pan-
Cancer dataset (Fig. 2L). Altogether, these results imply that Panx1
contributes to genotoxic-induced IL-6 and is linked to poor clinical
outcomes in cancer patients.
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ATP-activated purinergic P2 receptors and the iCa®"/PI3K/Akt/
NF-kB signaling pathway contribute to the genotoxic stress-

induced IL-6 expression

To date, the major function of Panx1 has been attributed to its role
in mediating the release of intracellular ATP into the extracellular
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Fig. 1 Downregulation of IL-6 renders cancer cells sensitive to genotoxic treatments. A IL-6 mRNA levels in lung adenocarcinomas with
different histological grades were investigated using the GSE68465 dataset and their log,-transformed values were compared among well (n = 60),
moderately (n = 209), and poorly (n = 167) differentiated tumors. B Kaplan-Meier analysis of the relationship between IL-6 gene expression and
disease-free survival (DFS) in lung cancer patients from the GSE30219 cohort. C, D Kaplan—-Meier analysis of the relationship between IL-6 gene
expression and overall survival (OS) in cancer patients from The Cancer Genome Atlas (TCGA) (C) lung cancer (LUNG) or (D) Pan-Cancer datasets.
E, F The concentration of IL-6 present in the culture supernatants of A549 or H1299 cells treated with the indicated concentrations of (E) sodium
arsenite (SA) or (F) doxorubicin (Dox) for 24 h was determined by ELISA. G Western blot analysis of IL-6, phosphorylated STAT3 (Y705), and total
STAT3 protein levels in A549 cells treated with increasing concentrations of SA for 24 h. H, J Dose-response curves showing the survival of control
(scramble) and IL-6-silenced (shIL-6-1 and shlIL-6-2) A549 cells in response to increasing concentrations of (H) SA or (J) Dox treatments for 24 h.
I, K The ICsq values of (I) SA or (K) Dox against scramble, shiL-6-1, and shIL-6-2 A549 cells were calculated from the nonlinear regression curves in
Fig. TH or J, respectively. Cell viability was measured by MTT assays. L Phosphorylated STAT3 (Y705), total STAT3, and yH2AX protein levels in
control (scramble) and IL-6-silenced (shiIL-6) A549 cells untreated or treated with 20 uM SA for 24 h were determined by western blot analysis.
M, N The mRNA levels of the anti-apoptotic genes (M) Bcl-xL and (N) Mcl-1 in scramble, shiL-6-1, and shIL-6-2 A549 cells untreated or treated with
20 UM SA for 24 h were measured by gRT-PCR. O, P The (0) migratory and (P) invasive abilities of scramble, shiL-6-1, and shIL-6-2 A549 cells
untreated or treated with 20 uM SA or 0.1 uM Dox for 24 h were measured with transwell migration and invasion assays, respectively. Scale bar:
100 pm. Error bars represent mean + SD, n = 3. Statistical analysis was performed using one-way ANOVA with Tukey’s multiple comparisons test
(A), log-rank test (B-D), unpaired two-tailed Student’s t test (E, F, |, K), or two-way ANOVA with Tukey’s multiple comparisons test (M-P). *p < 0.05;
**p <0.01; ***p <0.001. The full length uncropped original western blots related to this figure are provided in the Supplemental Material file.

space where it can be recognized by, and activates, the plasma
membrane-localized purinergic P2X (ionotropic) and P2Y (metabo-
tropic) receptors (P2Rs) [29-32]. In line with increased Panx1
expression upon genotoxic treatments (Fig. 2A-C), the extracellular
ATP concentration was dose-dependently elevated in SA- or Dox-
treated A549 cells compared to untreated cells (Fig. 3A, B).
Moreover, similar to the phenomenon seen upon Panx1 inhibition,
disrupting the activity of P2Rs with the non-selective P2 receptor
antagonist Suramin significantly attenuated SA/Dox-induced IL-6
gene expression and protein production (Fig. 3C, D), indicating the
regulatory effect of P2Rs on IL-6 expression under genotoxic stress.
Panx1 can act via P2Rs to rise the iCa®" concentration [32-34].
Panx1 also promotes direct Ca>" uptake or release by forming Ca®*-
permeable channels in the plasma and the endoplasmic reticulum
(ER) membranes, respectively [25, 35, 36]. We observed that iCa®"
sequestration with the cell-permeable Ca®>" chelator BAPTA-AM led
to marked decreases in IL-6 gene expression and protein secretion
under both basal and genotoxic conditions (Fig. 3E, F). Accordingly,
BAPTA-AM-pretreated cells were prone to be more vulnerable to SA
compared to control cells (Fig. 3G, H and Table S1). BAPTA-AM also
synergized with SA and Dox to inhibit cancer cell migration and
invasion (Fig. 3I). These results demonstrate that iCa>" signaling is
implicated in the expression of IL-6 provoked by genotoxic stress.
iCa®" signaling stimulates PI3K/Akt activation in various circum-
stances [37-39]. We found that in both untreated and SA-treated
cancer cells, iCa®* sequestration not only attenuated Akt phosphor-
ylation at serine (S)473 but also diminished the phosphorylation of
S276 on the p65 subunit of the transcription factor NF-kB (nuclear
factor-kappa B) (Fig. 3J), whose main function is to transactivate
various inflammatory cytokines, including IL-6 [40, 41]. These results
imply that iCa>" signaling and IL-6 might be linked via the PI3K/Akt/
NF-kB axis. Indeed, genotoxic-mediated IL-6 induction was abolished
by inhibiting the PI3K/Akt pathway with either Akt; IV (a potent Akt
kinase inhibitor) (Fig. 3K) or LY294002 (a PI3K inhibitor) (Fig. 3K, L).
Furthermore, SA-promoted Akt and NF-kB phosphorylations could
be diminished by inhibiting the PI3K/Akt pathway (Fig. 3M),
indicating that the PI3K/Akt signaling is required for NF-kB activation
and IL-6 expression upon genotoxic treatments. In line with this,
inhibition of the PI3K/Akt signaling pathway resulted in increased
sensitivity of cancer cells to SA (Fig. 3N, O and Table S1)
accompanied by attenuating SA-induced Bcl-xL and Mcl-1 gene
expressions (Fig. 3P, Q). These results collectively demonstrate that
the iCa"/PI3K/Akt/NF-kB signaling axis mediates IL-6 expression and
plays an essential role in cancer cell tolerance to genotoxic stress.

Genotoxic stress induces p53-dependent Caspase 2-mediated
MDM2 cleavage to promote p53 protein accumulation

After characterizing the Panx1/P2Rs/iCa®"/PI3K/Akt/NF-kB net-
work as an upstream signaling axis driving IL-6 expression, we
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established the regulatory link between genotoxic stress and
this signaling pathway. Considering our data showing that SA
strongly induces IL-6 expression in A549 (p53 WT) but not in
H1299 (p53-null) cells (Figs. 1E, F and S1A-C, E), we
hypothesized that p53 might be involved in the induction of
IL-6 by genotoxic stress. Strikingly, SA had no significant effect
on p53 gene expression either in a dose-dependent (Fig. 4A) or
time-dependent manner (Fig. 4B). In contrast, p53 protein
expression was increased steadily and dose-dependently with
either SA or Dox treatment (Fig. 4C, D), indicating that p53 is
regulated at the protein level without changes in mRNA
expression.

p53 protein expression can be governed by p53-dependent
Caspase-2-mediated cleavage of MDM2, a negative regulator of
p53 [42, 43]. In agreement with increased p53 protein levels, SA or
Dox treatment resulted in Caspase-2 activation, as evidenced by
the dose-dependent reductions of its pro-form (Pro-CASP2) (Fig.
4C, D) and increases in its activity towards VDVAD-AFC substrate
(Fig. 4E, F), concomitant with elevating MDM2 cleavage products,
particularly the p60 fragments (Fig. 4C, D). However, we observed
a difference in the protein expression patterns of the DNA double-
strand breaks indicator yH2A.X between SA- and Dox-treated cells.
YH2AX protein abundance was dose-dependently induced in
Dox-treated (Fig. 4D) but not in SA-treated cells (Fig. 4C) at 24 h
post-treatment. In SA-treated cells, yH2A.X was weakly increased
at the earliest time point observed (1 h), reached the maximal
levels at 3 h, maintained from 6 h until 12 h, and was subsequently
reduced at 24 h post-treatment (Fig. 4G). Correspondingly, p53
phosphorylation was induced by SA at 1h, but peaked at 12 h,
followed by a slight decrease at 24 h post-treatment. SA also
promoted Caspase-2 activation and MDM2 cleavage as early as 1 h
and onward (Fig. 4G). Because p53 is a downstream target of
MDM2, p53 protein abundance was thus accumulated at the later
time points, from 3 h onward following SA treatment (Fig. 4G). The
results suggest that, unlike Dox, which triggers persistent DNA
damage even at low concentrations, SA at concentrations as high
as 20 uM induces reparable DNA damage at early time points to
promote p53 protein accumulation.

Caspase-2 can be activated via p53-dependent or -indepen-
dent mechanisms [42-44]. In SA- or Dox-treated cells,
p53 silencing increased Pro-CASP2 levels (Fig. 4H, 1) and
attenuated Caspase-2 activity (Fig. 4J), suggesting that
Caspase-2 is activated via a p53-dependent mechanism under
genotoxic stress. Moreover, Caspase-2 depletion abolished
MDM2 cleavage and p53 protein expression under both basal
and genotoxic conditions (Fig. 4K, L). Taken together, these
results indicate that genotoxic effects, either reversible or
irreversible, trigger p53-dependent Caspase-2-mediated MDM2
cleavage to induce p53 protein accumulation.
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Fig.2 Panx1 contributes to genotoxic stress-induced IL-6 and has clinical relevance. A, B Panx1 gene expression in A549 cells treated with
increasing concentrations of (A) SA or (B) Dox for 24 h was measured by gRT-PCR. C Panx1 mRNA levels in primary human liposarcoma cell
cultures were analyzed using the GSE12972 dataset and their log,-transformed values were compared between control (n = 19) and paired
Dox-treated (n = 19) cells. D, E Pearson’s correlation analysis of IL-6 and Panx1 gene expression in (D) primary human liposarcoma cell cultures
or (E) lung adenocarcinomas using the (D) GSE12972 (n=38) or (E) GSE68465 (n=443) dataset, respectively. F Heatmap of Pearson’s
correlation coefficients (r) between IL-6 and Panx1 or between IL-6 or Panx1 versus factors relevant to DNA damage repair (ATM, ATR, BRCA1,
BRCA2, Chk1, and PRKDC), anti-apoptosis (Mcl-1), pro-apoptosis (Bad), EMT stimulation (Snail, Slug, Vimentin, N-cadherin, TWIST1, TWIST2, and
MMP9), or EMT suppression (E-Cadherin, EPCAM, TJP3, and Occludin) in the TCGA LUNG cohort (n =994). G gRT-PCR analysis of IL-6 gene
expression in A549 cells untreated or treated with 20 uM SA or 0.5 uM Dox in the absence or presence of the Panx1 inhibitor CBX (50 uM) for
24 h. H The concentration of IL-6 present in the culture supernatants of A549 cells untreated or treated with 20 yM SA or 0.5 uM Dox in the
absence or presence of 50 uM CBX for 24 h was determined by ELISA. I Panx1T mRNA levels in lung adenocarcinomas with different histological
grades were investigated using the GSE68465 dataset and their log,-transformed values were compared among well (n = 60), moderately
(n=209), and poorly (n = 167) differentiated tumors. J Kaplan-Meier analysis of the relationship between Panx1 gene expression and disease-
free survival (DFS) in lung cancer patients from the GSE30219 cohort. K, L Kaplan-Meier analysis of the relationship between Panx1 gene
expression and overall survival (OS) in cancer patients from The Cancer Genome Atlas (TCGA) (K) lung cancer (LUNG) or (L) Pan-Cancer
datasets. Error bars represent mean + SD, n = 3. Statistical analysis was performed using unpaired two-tailed Student’s t test (A, B), paired two-
tailed Student’s t test (C), two-way ANOVA with Tukey’s multiple comparisons test (G, H), one-way ANOVA with Tukey’s multiple comparisons
test (1), or log-rank test (J-L). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant.

p53 transactivates Panx1 to drive IL-6 induction WT p53. p53 silencing also mitigated IL-6 protein levels in the
Next, we examined the role of p53 in genotoxic stress-mediated culture supernatants of both control and SA/Dox-treated A549
IL-6 expression. Knockdown of p53 expression diminished both cells (Fig. 5C) and inhibited both basal and SA-induced STAT3
basal and genotoxic-induced IL-6 gene expressions in A549 (Fig. phosphorylations (Fig. 5D). Conversely, expression of exogenous
5A, B), MCF-7 (Fig. S4A, B), and Hela (Fig. S4C, D) cells that express WT p53 led to a roughly 1.4-fold increase in SA-induced IL-6
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expression (Fig. 5E, F). Similarly, enhanced stabilization of p53 p53 functions primarily as a transcription factor that recognizes
with Nutlin-3, a small-molecule MDM2 inhibitor, further target genes by binding to p53 consensus response elements
advanced both Dox-induced IL-6 protein production and gene (p53REs) located within the promoter regions [45]. Using the
expression in a dose-dependent manner (Fig. 5G, H). These JASPAR program [46], we identified six potential binding sites for
findings demonstrate clearly that p53 plays an essential role in p53 within the promoter regions (ChIP 1-6) of the PANX1 gene
genotoxic-mediated IL-6 induction. locus (Fig. 51). Our chromatin immunoprecipitation (ChIP) assay
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Fig. 3 ATP-activated purinergic P2 receptors and the iCa”"/PI3K/Akt/NF-kB signaling pathway contribute to genotoxic stress-induced IL-6
expression. A, B The concentration of ATP released into the culture medium of A549 cells treated with the indicated concentrations of (A) SA
or (B) Dox for 24 h was measured by a bioluminescence assay. C, E qRT-PCR analysis of IL-6 gene expression in A549 cells untreated or treated
with 20 yM SA or 0.5 uM Dox in the absence or presence of (C) the broad-spectrum P2 receptor antagonist Suramin (50 uM) or (E) the
intracellular calcium chelator BAPTA-AM (10 uM) for 24 h. D, F The concentration of IL-6 present in the culture supernatants of A549 cells
untreated or treated with 20 yM SA or 0.5 uM Dox in the absence or presence of (D) 50 uM Suramin or (F) 10 uM BAPTA-AM for 24 h was
determined by ELISA. G Dose-response curves showing the survival of control and 10 uM BAPTA-AM-pretreated A549 cells in response to
increasing concentrations of SA treatment for 24 h. H The IC5q values of SA against control and 10 uM BAPTA-AM-pretreated A549 cells were
calculated from the nonlinear regression curves in Fig. 3G. Cell viability was measured by MTT assays. | The migratory and invasive abilities of
A549 cells untreated or treated with 20 uM SA in the absence or presence of 10 pM BAPTA-AM for 24 h were measured with transwell assays.
Scale bar: 100 um. J, M Western blot analysis of phosphorylated Akt (S473), total Akt, phosphorylated p65 NF-kB (S276), and total p65 NF-xB
protein levels in A549 cells untreated or treated with 20 uM SA in the absence or presence of (J) 10 uM BAPTA-AM or (M) 10 uM LY294002 for
24 h. K IL-6 gene expression in A549 cells untreated or treated with 20 uM SA in the absence or presence of the PI3K inhibitor LY294002
(10 uM) or the Akt Inhibitor IV (Akt; IV, 10 uM) for 24 h was measured by gRT-PCR. L The concentration of IL-6 protein present in the culture
supernatants of A549 cells untreated or treated with 20 uM SA or 0.5 uM Dox in the absence or presence of 10 uM LY294002 for 24 h was
determined by ELISA. N Dose-response curves showing the survival of control and 10 uM LY294002-pretreated A549 cells in response to
increasing concentrations of SA treatment for 24 h. O The ICs, values of SA against control and 10 uM LY294002-pretreated A549 cells were
calculated from the nonlinear regression curves in Fig. 3N. Cell viability was measured by the MTT assay. P, Q The mRNA levels of the anti-
apoptotic genes (P) Bcl-xL and (Q) Mcl-1 in A549 cells untreated or treated with 20 uM SA in the absence or presence of 10 uM LY294002 for
24 h were measured by gqRT-PCR. Error bars represent mean + SD, n = 3. Statistical analysis was performed using unpaired two-tailed Student’s
t test (A, B, H, 0), two-way ANOVA with Tukey’s multiple comparisons test (C-F, I, J, L, P, Q), or one-way ANOVA with Tukey’s multiple
comparisons test (K). *p < 0.05; **p < 0.01; ***p < 0.001; ns not significant. The full length uncropped original western blots related to this figure

are provided in the Supplemental Material file.

coupled with quantitative real-time PCR (gRT-PCR) analysis
revealed that p53 was significantly enriched at the —1441 to
—1329 (ChIP 2) and the —622 to —488 (ChIP 5) regions, but not at
the other four regions (ChIP 1, 3, 4, and 6), upon Dox treatment
(Fig. 5J). Furthermore, p53 knockdown reduced Panx1 gene
expressions and protein levels in both untreated and SA-treated
cells (Fig. 5K, L). We further investigated the role of p53 in the
Panx1 downstream PI3K/Akt/NF-kB signaling axis. p53 depletion
diminished the phosphorylations of S473 and threonine (T)308 on
Akt and S276 on the p65 subunit of NF-kB together with
aggravating yYH2AX protein levels under both basal and SA
treatment conditions (Fig. 5L). Consistently, p53 knockdown
strengthened the cytotoxic effects of SA against A549 cells (Fig.
5M, N and Table S1). The gene expressions of Bcl-xL and Mcl-1
were also diminished upon p53 loss in both untreated and SA-
treated cells (Fig. 50, P). Taken together, the results suggest that
p53 directly transactivates Panx1 to induce IL-6 expression under
genotoxic conditions and thereby linking it to the genotoxic
fitness and adaptability of cancer cells.

IL-6 exhibits pro-survival and -metastatic effects by promoting
alternative (M2-like) polarization of macrophages

The responses of cancer cells to genotoxic therapeutics are
influenced not only by cell-intrinsic signaling pathways but also by
cell-extrinsic mechanisms [5]. Previous studies have highlighted
that alternatively activated (M2-polarized) macrophages are
associated with accelerated tumor aggressiveness, metastasis,
and treatment failure [47-49]. We next sought to understand
whether genotoxic treatments of cancer cells affect macrophage
phenotype polarization to modulate cancer cell responsiveness.
Human monocytic THP-1 cells were primed with phorbol-12-
myristate-13-acetate (PMA) to induce differentiation into non-
polarized (M0) macrophages (Fig. S5A-G). Strikingly, stimulating
MO macrophages with the conditioned medium (CM) collected
from SA or Dox-treated A549 cells (Fig. S5A) augmented the gene
expressions of the M2-associated markers CD206, CD163, and
CCL18, but not the M1-associated markers CD80, CXCL10, and IL-
1B (Fig. 6A-F). These observations were not made in macrophages
stimulated with the CM from control A549 cells. Moreover, flow
cytometric analysis showed significant increases in the percentage
of CD206", but not CD80" macrophages, when they were
stimulated with the CM from SA/Dox-treated cancer cells as
compared to that of the macrophages stimulated with the CM
from control cancer cells (Fig. 6G). Macrophage-conditioned
media, referred to as Ctrl CM and SA CM, were then collected
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from macrophages stimulated with the conditioned media
derived from Ctrl and SA-treated A549 cells, respectively (Fig.
S5A). Significantly, SA CM exhibited a reduced capacity to
synergize with SA in killing cancer cells as compared to Ctrl CM
(Fig. 6H-K and Table S1). These results suggest that factors
secreted by cancer cells under genotoxic conditions promote the
M2-like polarization of macrophages that exhibits diminished
anticancer effects.

IL-6 skews macrophages toward an M2-like phenotype under
various circumstances [13, 14]. We hypothesized that IL-6 secreted
by genotoxic treatments of cancer cells plays a key role in driving
M2 macrophage polarization. To this end, MO macrophages were
co-cultured with the control (scramble) or IL-6-silenced (shIL-6-1
and shlL-6-2) A549 cells with and without SA or Dox treatment
(Fig. 7A). Interestingly, IL-6 knockdown in the stimulating SA/Dox-
treated cancer cells diminished the expressions of the M2-
associated markers CD206 and CD163 in their co-cultured
macrophages, whereas this effect was not observed for the M1-
associated marker CD80 (Figs. S5H-J and 7B). Furthermore,
macrophages co-cultured with SA/Dox-treated IL-6-silenced
A549 cells exhibited decreased pro-migratory and -invasive effects
on cancer cells compared to those co-cultured with SA/Dox-
treated control cells (Fig. 7C, D). Altogether, these data imply that
IL-6 secreted by cancer cells undergoing genotoxic stress enables
macrophages to gain an M2-like phenotype that possesses
diminished anti-survival activities but augmented pro-migratory
and invasive potentials.

DISCUSSION

The function of WT p53 as a tumor suppressor has primarily been
ascribed to its capacity to transcriptionally regulate the expression
of downstream target genes involved in proliferation inhibition
and programmed cell death in response to a wide range of cellular
stresses, including DNA damage [16, 18]. Here, we report that
genotoxic stress triggers DNA damage and p53 accumulation
(Fig. 4C, D, G) together with hampering the viability (Figs. TH-K
and S1L, M) and metastatic potentials of cancer cells (Fig. 10, P).
Intriguingly, while the anti-migratory and invasive activities of p53
induced upon treatment with the genotoxic agent SA have been
clearly demonstrated in our previous study [19], p53 appears not
to play an essential role in SA-mediated cell death, as loss of p53
enhances, but not mitigates, the cytotoxic effects of SA on cancer
cells (Fig. 5M, N). Thus, it is likely that p53 does not always function
as a tumor suppressor in cancer cells experiencing DNA damage.
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Fig. 4 Genotoxic stress induces p53-dependent Caspase 2-mediated MDM2 cleavage to promote p53 protein accumulation. A, B p53
gene expression in A549 cells treated (A) with increasing concentrations of SA for 24 h or (B) with 20 uM SA for the indicated time periods was
measured by qRT-PCR. C, D Western blot analysis of yH2A.X, p53, MDM2, and pro-Caspase-2 (Pro-CASP2) protein levels in A549 cells treated
with increasing concentrations of (C) SA or (D) Dox for 24h. E, F Caspase-2 (CASP2) activity in A549 cells treated with increasing
concentrations of (E) SA or (F) Dox for 24 h. G Western blot analysis of yH2A.X, phosphorylated p53 (S15), total p53, MDM2, and Pro-CASP2
protein levels in A549 cells treated with 20 uM SA for the indicated time periods. H, | p53, MDM2, and Pro-CASP2 protein levels in control and
p53-silenced A549 cells untreated or treated with (H) 20 uM SA or (1) 0.5 uM Dox for 24 h were determined by western blot analysis. J CASP2
activity in control and p53-silenced A549 cells untreated or treated with 20 pM SA or 0.5 uM Dox for 24 h. K, L p53, MDM2, and Pro-CASP2
protein levels in control and CASP2-silenced A549 cells untreated or treated with (K) 20 uM SA or (L) 0.5 uM Dox for 24 h were determined by
western blot analysis. Error bars represent mean + SD, n = 3. Statistical analysis was performed using unpaired two-tailed Student’s t test
(A, B, E, F) or two-way ANOVA with Tukey’s multiple comparisons test (J). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. The full length
uncropped original western blots related to this figure are provided in the Supplemental Material file.

We further discover the detailed molecular mechanism underlying
the potential oncogenic role of p53 under both reversible and
irreversible genotoxic conditions. p53 stimulates the induction of
the pro-survival and -metastatic cytokine IL-6 by transactivating
the major ATP release channel Panx1 to hamper the responsive-
ness of cancer cells to genotoxic treatments. Our findings affirm
the report that genotoxic stress activates p53 and leads to the
production of the IL-6 family (JAK/STAT) cytokines Upd, Upd2, and
Upd3 in Drosophila oncogenic Ras tissues [50].

SPRINGER NATURE

The expression levels and activities of p53 are regulated via
multiple mechanisms [17]. p53 protein expression can be induced
by Caspase-2-mediated cleavage o