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A B S T R A C T   

The incidence of cardiovascular disease (CVD) is higher in cancer survivors than in the general population. 
Several cancer treatments are recognized as risk factors for CVD, but specific therapies are unavailable. Many 
cancer treatments activate shared signaling events, which reprogram myeloid cells (MCs) towards persistent 
senescence-associated secretory phenotype (SASP) and consequently CVD, but the exact mechanisms remain 
unclear. This study aimed to provide mechanistic insights and potential treatments by investigating how chemo- 
radiation can induce persistent SASP. We generated ERK5 S496A knock-in mice and determined SASP in myeloid 
cells (MCs) by evaluating their efferocytotic ability, antioxidation-related molecule expression, telomere length, 
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and inflammatory gene expression. Candidate SASP inducers were identified by high-throughput screening, 
using the ERK5 transcriptional activity reporter cell system. Various chemotherapy agents and ionizing radiation 
(IR) up-regulated p90RSK-mediated ERK5 S496 phosphorylation. Doxorubicin and IR caused metabolic changes 
with nicotinamide adenine dinucleotide depletion and ensuing mitochondrial stunning (reversible mitochondria 
dysfunction without showing any cell death under ATP depletion) via p90RSK-ERK5 modulation and poly (ADP- 
ribose) polymerase (PARP) activation, which formed a nucleus-mitochondria positive feedback loop. This 
feedback loop reprogramed MCs to induce a sustained SASP state, and ultimately primed MCs to be more sen-
sitive to reactive oxygen species. This priming was also detected in circulating monocytes from cancer patients 
after IR. When PARP activity was transiently inhibited at the time of IR, mitochondrial stunning, priming, 
macrophage infiltration, and coronary atherosclerosis were all eradicated. The p90RSK-ERK5 module plays a 
crucial role in SASP-mediated mitochondrial stunning via regulating PARP activation. Our data show for the first 
time that the nucleus-mitochondria positive feedback loop formed by p90RSK-ERK5 S496 phosphorylation- 
mediated PARP activation plays a crucial role of persistent SASP state, and also provide preclinical evidence 
supporting that transient inhibition of PARP activation only at the time of radiation therapy can prevent future 
CVD in cancer survivors.   

1. Introduction 

The incidence of cardiovascular (CV) disease (CVD) is higher in 
cancer survivors than in the general population. Several cancer treat-
ments are recognized as risk factors for CVD, especially coronary artery 
disease and stroke [1–4]. CV comorbidities and toxicities are the leading 
causes of morbidity and mortality among cancer survivors [5–7]; indeed 
CVD is the leading causes of death in breast and colorectal cancer sur-
vivors 5–10 years after their cancer diagnosis [8–10]. Even without 
exposure to cardiotoxic treatments, cancer survivors frequently manifest 
signs of CVD, including lower left ventricular mass and more cardiac 
dysfunction than do their healthy siblings [3]. In addition, all cancer 
survivors, whether exposed to cardiotoxic treatments or not, had a 
greater mean body mass index, and the higher serum levels of insulin, 
c-reactive protein and non-high-density lipoprotein cholesterol, thereby 
putting them at a higher risk of CVD. Importantly, it has been noted that 
one of the common phenotypes observed in these patients is premature 
aging [3,11,12]. Chronological age (an indirect indicator of physiolog-
ical age) is an independent predictor of CVD [13]. 

The use of ionizing radiation (IR) and anthracyclines has been 
associated, directly and indirectly, with premature aging and subse-
quent CVD [14,15]. The incidence of major coronary events increased 
linearly with the mean dose to the heart by 7.4% per gray (Gy), with no 
apparent threshold and an overall mean of 4.9 Gy to the whole heart. 
Coronary events emerged within the first 5 years after radiation therapy 
(RT) and continued to increase into the third decade [16]. Modern RT 
techniques have allowed for significant decreases in the radiation dose 
to the heart, but it may still receive doses of 1–5 Gy (and even higher in 
the case of thoracic malignancies) [17]. Anthracyclines are the classical 
cardiotoxins, causing acute and subacute congestive heart failure within 
weeks after treatment, and like RT, they are associated with senescence 
[18,19]. Vascular diseases, including myocardial infarction, ischemia, 
and stroke, have also been observed in survivors of breast cancer and 
hematologic malignancies 5–10 years after the completion of 
anthracycline-based treatments [20,21], and MRI studies have shown 
accelerated vascular aging after anthracycline exposure [22]. These 
observations indicate broader impact of anthracyclines on senescence of 
the CV system. 

Senescence can be a reflection not only of aging, but also of chronic 
stress, which alters cell metabolism, and reprograms cells to acquire the 
senescence-associated secretory phenotype (SASP). Its relevance for 
CVD is in part due to the pro-inflammatory milieu it generates [23–25]. 
In individuals with human immunodeficiency virus infection treated 
with a combination of antiretroviral therapy, we found that the 4 
components of SASP—1) telomere (TL) shortening-mediated DNA 
damage and subsequent induction of p53, p16, and p21; 2) mitochon-
drial reactive oxygen species (mtROS) induction; 3) inflammation; and 
4) impairment of efferocytosis—were regulated by p90RSK-mediated 
ERK5 S496 phosphorylation in myeloid cells (MCs). This resulted in 

priming of MCs and instigated atherosclerosis [26]. Therefore, the key 
role of p90RSK-mediated ERK5 S496 phosphorylation in SASP-mediated 
MCs priming and atherosclerotic plaque formation has been demon-
strated in our previous studies [26,27]. Of note, p90RSK-mediated ERK5 
S496 phosphorylation inhibited ERK5 transcriptional activity, but 
showed no effect on ERK5 kinase activity. Therefore, p90RSK-mediated 
ERK5 S496 phosphorylation has a very different functional role from 
other poly (ADP-ribose) polymerase (PARP)-related MAP kinase 
including ERK1/2, JNK1/2, and p38 [27,28]. SASP cells can secrete 
several cocktail of pro-inflammatory cytokines (e.g. TNF-α, IL6, and 
IL8), chemokines, growth factors, pro-angiogenic factors, and ROS [29, 
30]. It is well known that cytokines stimuli increase inflammation, but 
these effects are temporarily. In contrast, SASP maintains and shows 
long-term effects to the cell, which is uniquely different from the tem-
porary effects shown in non-senescent inflammatory cells [31,32]. In 
fact, Coppé et al. have suggested that a larger proportion of the SASP of 
senescent fibroblasts is irreversible once established [33]. However, it 
remains unclear why SASP is persistent and irreversible if we don’t 
apply any further intervention to it. The importance of nuclear PARP 
activation in mitochondrial dysfunction and mtROS production has been 
suggested extensively [34–36]. Furthermore, telomere DNA 
damage-induced PARP activation is also reported [37]. Recently, Qian 
et al. have reported that mtROS caused rapid and preferential telomere 
DNA damage, but not gross nuclear DNA damage [38,39]. These pre-
vious data brought us an idea that the establishment of 
nucleus-mitochondria positive feedback loop induced by 
chemo-radiation may play a key role for inducing persistent and irre-
versible SASP. To the best of our knowledge, we could not find any paper 
even review, except for ours, describing any form of 
nucleus-mitochondria positive feedback loop to explain the persistent 
SASP and irreversible if we do not apply any further intervention to it 
status. Chemo-radiation can induce persistent SASP [40–42], but how 
SASP and subsequent MCs priming are induced by the cancer treatments 
has been incompletely elucidated. Furthermore, although we estab-
lished the contribution of mtROS production to SASP in our previous 
study [26], how chemo-radiation can change mitochondrial function 
and reprogram MCs to SASP is not clear. Our goal of this study was to 
establish that p90RSK-mediated ERK5 S496 phosphorylation is the 
shared signaling event activated by various cancer treatments and to 
determine the molecular mechanism of the p90RSK-ERK5 modulation 
and how this modulation reprograms MCs to SASP and priming. 
Furthermore, since mtROS production induced by p90RSK-ERK5 mod-
ulation plays a significant role in SASP induction [26], we also investi-
gated mitochondrial respiratory function by concurrently measuring 
oxygen consumption rate (OCR) and extracellular proton flux. Our study 
reveals a novel role of nucleus-mitochondria positive feedback loop 
formed by p90RSK-ERK5 S496 phosphorylation-mediated PARP acti-
vation in reprogramming of MCs toward persistent SASP status. 
Furthermore, we found that low dose of ionizing radiation (IR) and 
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doxorubicin (DOX) induced very unique form of mt dysfunction, which 
showed high mtROS production even under severe ATP depletion 
without showing any immediate cell apoptosis or death. Moreover, this 
ATP depletion was reversible, and recovered by treating MC with 
p90RSK or PARP inhibitor, even 24 h after IR. We denoted this mito-
chondrial dysfunction with reversible ATP depletion as mitochondrial 
stunning. 

2. Methods 

See Supplementary material online for extended experimental 
procedures. 

3. Results 

3.1. IR and Chemo-radiation Inhibited ERK5 Transcriptional Activity in 
Macrophages and Human Peripheral Blood Mononuclear Cells, and 
p90RSK-ERK5 Chemical Modulators Detected by High Throughput 
Screening (HTS) 

When mouse bone marrow-derived macrophages (BMDMs) were 
irradiated by IR, both p90RSK activity and ERK5 S496 phosphorylation 
(which inhibits ERK5 transcriptional activity) [27] were increased in a 
dose- and time-dependent manner; however, IR had no effect on ERK5 
TEY motif phosphorylation (Fig. 1A, and quantification data in Figs. S1A 
and B). We transfected BMDMs with an ERK5 transcriptional activity 
reporter and stimulated ERK5 using constitutively active MEK5 
(CA-MEK5), with or without IR, to demonstrate that IR inhibits ERK5 
transcriptional activity but that this inhibition is overcome by FMK-MEA 
(the pharmacologic inhibitor of p90RSK) or dominant-negative p90RSK 
(DN-RSK-MTg; Fig. 1B and C). Similarly, in human peripheral mono-
nuclear cells, IR increased p90RSK activation and ERK5 S496 phos-
phorylation, but the p90RSK and ERK5 S496 phosphorylation were 
blunted by FMK-MEA (Fig. 1D and E). 

To determine whether chemotherapy drugs also regulate the 
p90RSK-ERK5 module similar to IR, we generated a HeLa cell line that 
stably expressed the pG5-Luc and pBIND vector containing ERK5. Cells 
were treated for 18 h with compounds in the MicroSource SPECTRUM 
Collection, and luciferase activity was assayed as we reported previously 
[43] and also described in the methods. Outcomes (Pubchem AID 
1508626, External ID, ERK5 transcriptional activity-HTS) were then 
used to select 4 compounds (doxorubicin [DOX]), ifosfamide, paclitaxel, 
and methotrexate) that showed 50% or less signal compared with con-
trols (vehicle-treated cells). All compounds significantly increased 
p90RSK activity and ERK5 S496 phosphorylation, but not ERK5 TEY 
motif phosphorylation, in a dose- and time-dependent manner. We also 
confirmed that these 4 compounds inhibited CA-MEK5-induced ERK5 
transcriptional activity by activating p90RSK (Fig. S1C-D, and S3 and 4). 
It is noteworthy that each drug concentration used was within the 
therapeutic range of the plasma concentration in humans (see Methods). 

3.2. IR and DOX primed macrophages to oxidative stress by decreasing 
antioxidant expression and driving senescence 

Since accelerated vascular aging after IR and anthracycline exposure 
has been reported [22,44], first, we assessed apoptosis in macrophages 
treated with IR and DOX. Low doses of IR (2 Gy) and DOX (1 μM) did not 
increase the number of annexin V-positive cells, but these doses affected 
cell metabolic viability, as determined by the 3-(4,5-dimethylth-
iazole-2-yl)-2.5-diphenyl tetrazolium bromide (MTT) assay (Fig. 1F and 
G) [45,46]. 2 Gy (IR) and 1 μM (DOX) are within the range of the 
treatment dose [47–49], and perturbed cell metabolism without causing 
catastrophic apoptosis or necrosis, therefore we used these doses in 
subsequent experiments unless specified otherwise. Treatment of 
BMDMs with IR or DOX for 24 h significantly enhanced the p90RSK and 
ERK5 S496 phosphorylation by H2O2 (200 μM) (Fig. 1H). We reported 

earlier that anti-HIV drugs induced priming of monocytes and macro-
phages to a secondary insult of ROS, which is a hallmark of SASP [26]. 
Our data here support the theory that IR and DOX also induce SASP. 

To gain insights into the mechanism of this priming effect, we tested 
the following 2 potential mechanisms reported previously [26]: (a) 
decreased expression of antioxidants and (b) TL shortening. p90RSK 
activation inhibits NRF2 transcriptional activity and anti-oxidant 
expression via ERK5 S496 phosphorylation [26]. We found that IR 
(Fig. 1I) and DOX (Figs. S1E and F) significantly decreased the expres-
sion of antioxidant molecules such as thioredoxin 1 (Trx1) and heme 
oxygenase 1 (HO-1) and that this decrease was completely reversed by 
the p90RSK-specific inhibitor FMK-MEA. Without changing NRF2 
expression (both 60 and 110 kDa isoforms), IR and DOX inhibited NRF2 
transcriptional activity detected by anti-oxidant response element (ARE) 
reporter luciferase activity. This inhibition was reversed by FMK-MEA or 
BI-D1870 (another p90RSK-specific inhibitor) or by overexpressing 
dominant-negative p90RSK (DN-RSK) (Figs. S5A–I). IR (Fig. 1I–K and 
S4D) and DOX (Fig. S1E, F and S4H) also increased the expression of 
senescence markers (p16, p21, and p53) and increased TL erosion, all of 
which were inhibited by FMK-MEA. These results indicate that p90RSK 
activation not only suppresses the expression of antioxidant molecules, 
but also induces TL dysfunction and senescence in macrophages, both 
promoting chronic priming to ROS. We also showed the increase of 
various cytokines and chemokines secretion after IR for 24 h, which 
were inhibited by FMK-MEA (Fig. S2A). 

ERK5 and NRF2 regulate macrophage efferocytosis via upregulating 
the expression of opsonins such as Gas6 [50] and inflammatory genes 
[26]. In BMDMs, we found that Gas6 expression was inhibited but that 
TNFα expression was increased by IR and DOX in a p90RSK 
activation-dependent manner (Fig. 1I and S1E, F). DOX and IR also 
increased NF-κB activation while reducing efferocytosis, and these ef-
fects were reversed in BMDMs pre-treated with a p90RSK-specific in-
hibitor (Fig. 1L and M and Figs. S5E, F, and I). To determine the role of 
NRF2 in the IR- and DOX-induced reduction of antioxidant expression 
and TL length, we used a cell-penetrating, NRF2-KEAP1-binding inhib-
itory peptide, CAS 1362661 (NRF2A), that can specifically activate 
NRF2 transcriptional activity [51]. The IR- and DOX-mediated reduction 
of NRF2 transcriptional activity was completely prevented in BMDMs 
pre-treated with NRF2A (Figs. S5J and K). We also confirmed that 
pre-treatment with IR, followed by H2O2 stimulation, inhibited the Trx1, 
HO-1, and Gas6 expression while increasing the p21, p16, p53, and 
TNFα expression (Fig. 1N) and TL shortening (Fig. S5K) and enhancing 
p90RSK activation and ERK5 S496 phosphorylation (Fig. 1N). All of 
these events were profoundly diminished by NRF2A (Fig. 1N and 
Fig. S5K), indicating that NRF2 transcriptional activity plays a crucial 
role in IR-induced SASP and subsequent priming of macrophages to 
ROS. 

3.3. Radiation treatment primed peripheral monocytes to ROS in cancer 
patients 

To determine whether radiation primes monocytes in cancer pa-
tients, we enrolled 15 patients (Fig. 2A). Blood was collected at the time 
of enrollment and 2–3 weeks and 3 months after the initial radiation 
treatment (Fig. 2B), and mononuclear cells were isolated. We then 
measured the levels of total and phosphorylated p90RSK in CD14+ cells 
with or without H2O2 stimulation by flow cytometry. No significant 
changes were found in the expression and p90RSK activity levels in the 
absence of H2O2 stimulation (Fig. 2C and E). However, when the cells 
were treated with H2O2 (200 μM) for 10 min, we observed time- 
dependent increases in p90RSK phosphorylation without changes in 
protein expression (Fig. 2D and E). These results indicate that radiation 
treatment causes chronic sensitization (i.e. priming) of monocytes and 
macrophages towards ROS. They further indicate that by adding a 
certain stressor to cancer patients’ peripheral mononuclear cells in vitro, 
we were able to unmask underlying molecular predisposition that may 

S. Kotla et al.                                                                                                                                                                                                                                    



Redox Biology 47 (2021) 102132

4

(caption on next page) 

S. Kotla et al.                                                                                                                                                                                                                                    



Redox Biology 47 (2021) 102132

5

relate to increased adverse cardiovascular outcomes among cancer 
survivors. 

3.4. ERK5 S496A mutation inhibited the IR- and DOX-Induced SASP 

We generated ERK5 S496A knock-in (KI) mice by mutating 2 bases of 
the serine 496 codon (AGT) in the Erk5 (Mapk7) gene of C57Bl/6 mice to 
an alanine codon (GCT) through homologous recombination using the 
CRISPR/Cas9 technique. We isolated BMDMs from wild-type and ERK5 
S496A KI mice, assayed for IR- and DOX-induced ERK5 S496 phos-
phorylation and found that this phosphorylation, but not p90RSK acti-
vation, was completely abolished in BMDMs from ERK5 S496A KI mice 
(Fig. 3A). The reduced ERK5 and NRF2 transcriptional activity induced 
by IR and DOX was also reversed in BMDMs from the KI mice, supporting 
the key role of ERK5 S496 phosphorylation in regulating ERK5 and 
NRF2 transcriptional activity (Fig. 3B and C). We also found that IR led 
to reduced protein expression of Gas6, HO-1, and Trx1, and the accu-
mulation of TNFα, p16, and p21. However, these effects were not seen in 
BMDMs from ERK5 S496A KI mice (Fig. 3D). Similarly, the IR- and DOX- 
induced TL shortening (Fig. 3E) and NF-κB activation (Fig. 3F) observed 
in BMDMs from WT mice were significantly attenuated in cells from 
ERK5 S496A KI mice. Lastly, BMDMs isolated from ERK5 S496A KI mice 
exhibited significantly improved efferocytosis (Fig. 3G). Overall, these 
data demonstrate the critical role of ERK5 S496 phosphorylation in 
regulating the chemo-radiation-induced SASP. 

3.5. IR and DOX abolished both glycolysis and oxidative phosphorylation 
in mouse macrophages by activating p90RSK and ERK5 S496 
phosphorylation 

It is well known that mitochondria are directly or indirectly targeted 
by a variety of drugs [52]. Indeed, we found that low doses of IR and 
DOX inhibit cell metabolism as assessed by the MTT assay, which 
measures the activity of succinate dehydrogenase, and enzyme complex 
in the mitochondrial inner membrane (Fig. 1G). We, thus, investigated 
whether IR and DOX affect mitochondrial metabolism using an extra-
cellular flux analysis. We determined oxygen consumption rate (OCR) in 
response to oligomycin, carbonyl cyanide 4-(tri 4-(trifluoromethoxy) 
phenylhydrazone, and rotenone + antimycin A treatments, and detected 
changes in the extracellular acidification rate as a marker for glycolysis 
in response to glucose, oligomycin, and 2-deoxyglucose injection as 

described [53]. We found that while IR (24 h after 2 Gy exposure) and 
DOX (1 μM for 24 h) completely inhibited both glycolysis and oxidative 
phosphorylation (OXPHOS) in BMDMs, these inhibitory effects were 
blunted in cells pre-treated with FMK-MEA for 1 h (Fig. 4A–D and 
Figs. S6A–D). We confirmed the effect of FMK-MEA using an ATP syn-
thesis bioluminescence assay (Fig. 4E). We also evaluated the role of 
ERK5 S496 phosphorylation in IR-induced mitochondrial dysfunction in 
BMDMs isolated from ERK5 S496A KI mice. IR reduced glycolysis and 
OXPHOS in BMDMs isolated from control mice, but this inhibition was 
significantly reversed in BMDMs from ERK5 S496A KI mice (Fig. 4F–I). 
Both IR and DOX reduced the ATP level in control cells but not in 
BMDMs from ERK5 S496A KI mice (Fig. 4J). 

We also determined M1 and M2-like cell polarization after IR and 
DOX by detecting 1) the increase of the cytokines and chemokines 
expression including IL-1β, TNF-α, and iNOS as markers of M1-like 
phenotype, and 2) no significant changes of Arg-1, Ym1, and Fizz1 as 
markers of M2-like phenotype. The pre-treatment of FMK-MEA signifi-
cantly inhibited both IR and Dox-induced M1-like phenotype induction 
(Fig. 4K, L and Figs. S2B and C). We also found that various cytokines 
and chemokines expression were increased by low dose of IR, which are 
inhibited by p90RSK inhibitor (Fig. S2A). These data suggest that low 
dose of IR and DOX induced M1-like phenotype in BMDMs in a p90RSK 
activation dependent manner. 

3.6. p90RSK-mediated ERK5 S496 phosphorylation provoked MtROS 
production and PARP activation, resulting in positive feedback loop 
between the nucleus and mitochondria after chemo-radiation 

Various cancer treatments, including IR and chemotherapies, 
increased both acutely (10 min) and chronically (12 h later) mtROS 
production in BMDMs. This effect was significantly inhibited by mito-
TEMPOL, a preferential inhibitor of mtROS generation (Fig. 5A). 
Further, mitoTEMPOL completely inhibited NF-κB activation and 
attenuated the IR-induced reduction of NRF2 transcriptional activity 
(Fig. 5B and C), suggesting that mitochondria are a common target of 
various cancer treatments in macrophages. Using MitoSOX Red, we 
detected mtROS and found that p90RSK activation was involved in the 
IR- and DOX-induced chronic mtROS production in BMDMs (Fig. 5D–G), 
but FMK-MEA had no effect on the IR-induced acute mtROS production, 
especially at 30 min after IR (Fig. 5E). Similarly, FMK-MEA inhibited 
only the chronic mtROS production in BMDMs from ERK5 S496A KI 

Fig. 1. IR and DOX sensitized macrophages to oxidative stress and induced SASP, which are inhibited by inhibiting p90RSK activity and activating NRF2. 
(A) BMDMs were analyzed by immunoblotting at various time points after IR (2 Gy) or with varying doses for 10 min. Western blot analyses were performed using 
specific antibodies indicated on the right. GM-CSF stimulation (20 ng/ml for 30 min) was used as the positive control. Representative images from 3 independent 
experiments are shown (quantification in Figs. S1A and B). (B, C) BMDMs were transfected with pBind-ERK5 and pG5-luc plasmids and pcDNA3.1 plasmid or CA- 
MEK5 for 30 h. They were then pre-treated with FMK-MEA (10 μM) or vehicle (DMSO, 0.1%) for 1 h and exposed to IR (2 Gy) (B). Alternatively, BMDMs from WT 
and DN-p90rsk-MTg mice were treated with IR, and after 6 h, ERK5 transcriptional activity was measured as described in Methods (C). Mean ± SD (n = 3). (D) 
Human monocytes were pre-treated with FMK-MEA (10 μM) or vehicle for 30 min and then exposed to IR (2 Gy). Cells were collected at the indicated times after IR, 
and total p90RSK, p90RSK phosphorylation, ERK5 S496 phosphorylation, ERK5 TEY motif phosphorylation, and total ERK5 were detected by Western blotting. (E) 
Quantification of IR-induced p90RSK S380 phosphorylation (left), ERK5 S496 phosphorylation (middle), and ERK5 TEY motif phosphorylation (right) is shown after 
normalization by total protein levels. The data represent the mean ± SD (n = 3). Blue line: DMSO control pre-treatment, red line: FMK-MEA pre-treatment. (F) 
Percentage of apoptotic BMDMs after 24 h treatment with IR or DOX is shown at the indicated doses. Cells were stained with annexin V and analyzed by flow 
cytometry. Data are expressed as mean ± SD (n = 3) from at least 3 independent experiments. G) MTT assays were performed to measure cell viability after 24 h of IR 
and DOX treatment at the indicated doses. Results are expressed as % compared to time 0. Mean ± SD, (n = 3). (H) BMDMs were exposed to IR (2 Gy), DOX (1 μM), or 
vehicle and after 24 h, cells were incubated with H2O2 (200 μM) for 0–30 min. Western blotting was performed with the indicated antibodies. Representative images 
from 3 independent experiments are shown. (I) BMDMs were pre-treated with FMK-MEA (10 μM) or vehicle for 1 h and irradiated by IR. After 0–24 h, Western 
blotting was performed with the indicated antibodies. Representative images from 3 independent experiments are shown. (J, K) BMDMs were pre-treated with FMK- 
MEA (10 μM) or vehicle for 1 h and then exposed to IR. (J), Alternatively, BMDMs from WT and DN-p90rsk-MTg mice were exposed to IR. After 24 h, TL lengths were 
determined by measuring the fluorescent telomeric signal intensity of the fluorescein-conjugated PNA probe as described in Methods. Results are presented as the 
relative TL length (%) (mean ± SD). The TL length of the human T-cell leukemia cell line (1301) cells was set to 100% (n = 3). (L) BMDMs were transfected with the 
NF-κB luciferase reporter and the constitutively expressing Renilla luciferase vector for 16 h. Cells were pre-treated with FMK-MEA (10 μM) or BI-D1870 (5 μM) for 1 
h and then exposed to IR or left untreated. After 12 h, NF-κB transcriptional activity was measured as described in Methods. Mean ± SD, (n = 3). (M) BMDMs were 
isolated from WT and DN-p90rsk-MTg mice and exposed to IR or left untreated. After 24 h, cells were incubated with the IncuCyte pHrodo-labeled apoptosis detection 
probe, and pHrodo-positive cells quantified. Mean ± SD, (n = 3). (N) BMDMs were pre-treated with NRF2A (CAS 1362661) or vehicle for 6 h and exposed to IR or 
non-IR. After 18 h, BMDMs were incubated with H2O2 (200 μM) for 10 min. Western blotting was performed using specific antibodies indicated on the right. 
Representative images from 3 independent experiments are shown. **P < 0.01. 
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mice (Fig. 5F). These data suggest that p90RSK-mediated ERK5 S496 
phosphorylation plays a critical role in regulating chemo-radiation- 
induced mtROS production, especially at the chronic phase. 

Poly (ADP-ribose) polymerase (PARP), a DNA damage response 
(DDR)-related molecule that is localized in the nucleus, can induce 
cytosolic nicotinamide adenine dinucleotide (NAD+) depletion, leading 
to changes in mitochondrial metabolism and mtROS production [54, 
55]. Recently, the key role of PARP activation in inhibiting both 
OXPHOS and glycolysis and depleting NAD+, NADH, and ATP after DNA 
damage was reported [56]. The crucial role of mtROS-induced TL 
damage in the DDR has been reported [39]. Since p90RSK-mediated 
ERK5 S496 phosphorylation plays a decisive role in mtROS levels and 
TL shortening after 12 h of IR and DOX treatment, we examined the role 
of p90RSK-mediated ERK5 S496 phosphorylation in PARP activation. IR 
and DOX treatment for 24 h increased PARP activation in BMDMs, but 
this increase was inhibited by FMK-MEA or in cells isolated from ERK5 
S496A KI mice (Fig. 6A and B, and quantification in Figs. S6E–G). IR- 
and DOX-induced NAD+ depletion was also inhibited by FMK-MEA and 
in BMDMs isolated from ERK5 S496A KI mice (Fig. 6C and D). Taken 
together, these data support that p90RSK-mediated ERK5 S496 phos-
phorylation induces PARP activation, which then plays a crucial role in 
cellular NAD+ depletion. 

Although IR and DOX reduced ATP levels, persistent mtROS 

production was increased in BMDMs (Fig. 5). Since electrons from suc-
cinate can enter the electron transport chain through FADH2 in complex 
II [57], we predicted that mtROS is a product of increased complex II 
electron flux resulting from depletion of NAD+ and NADH induced by 
PARP activation (Fig. 6E). 

When cells BMDMs were treated with the complex II-specific Q-site 
inhibitor atpenin A5 (AA5) [58] the IR- and DOX-induced mtROS pro-
duction was completely abolished, suggesting that complex II sourced 
electrons contribute to mtROS production (Fig. 6F). Fig. 6G show that IR 
(2 Gy) inhibited only 25% of succinate dehydrogenase activity, but this 
level of inhibition was not sufficient for affecting mtROS production 
even when ATP is depleted (Figs. 4E, and Fig. 5G). Furthermore, we also 
found that IR increased succinate levels, which were inhibited by 
p90RSK inhibitor (Fig. 6H), also suggesting the involvement of complex 
II activity in mtROS production (Fig. 6E). Finally, PARP inhibition 
abolished DOX-induced mtROS production (Fig. S6G), and the inhibi-
tion of mtROS production by mitoTEMPOL prevented IR- and 
DOX-induced p90RSK and ERK5 S496 phosphorylation (Figs. S6H and 
I). These results indicate a positive feedback loop between the nucleus 
and mitochondria in which PARP-mediated mtROS production and 
mtROS-induced p90RSK-ERK5 S496 phosphorylation play key roles. 

Fig. 2. Priming of peripheral monocytes for oxidative stress after radiation. 
(A) Patient profiles. Abbreviations: NSCLC; non-small cell lung cancer, SCLC; small cell lung cancer. (B) Timing of blood sampling after radiation therapy (RT). (C-E) 
CD14+ peripheral blood monocytes were collected from patients before radiation treatment (pre-RT), 2–3 weeks after RT, and 3 months after RT, and p90RSK 
activity was determined with and without H2O2 (200 μM for 10 min) stimulation by flow cytometry as described in Methods. (C) The basal (i.e. no H2O2 stimulation). 
p90RSK activity is shown as the level of phospho-p90RSK over the total p90RSK. (D) The p90RSK activity after H2O2 stimulation at the 3 time points were measured, 
and the ratio between these values and the basal values at each time point for each patient is plotted. Note that RT caused priming of these cells to H2O2. (E) p90RSK 
levels in CD14+ -positive cells. No significant differences were detected. Mean ± SD, *P < 0.05, **P < 0.01. 
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3.7. PARP and p90RSK activation has a crucial role in establishing 
mitochondrial stunning 

Since the ATP level was remarkably depleted by IR and DOX, we 
examined cell viability after IR by the trypan blue exclusion assay and 
found that cells were viable for at least 48 h after IR (Fig. 7A–C). We also 
detected the release of lactate dehydrogenase (LDH) into culture me-
dium after IR, and confirmed that IR (2 Gy) did not show any cell death 
at least 24 h after IR, which was completely different from those after 

high dose of IR (50 Gy) (Fig. 7B, right). These data suggested that low 
dose of IR-induced ATP depletion did not cause immediate cell death or 
apoptosis (Figs. 1F and 7B, C) in BMDMs, which was unique compared to 
the cases of ATP depletion induced by other stimuli, which has been 
reported previously [35,59]. Next, we investigated whether the effects 
of NAD+ and ATP depletion are reversible in irradiated cells (Fig. 7A). 
One day (1R) after IR, both NAD+ and ATP levels were decreased, but 
this reduction was preventable when cells were pre-treated by olaparib 
or FMK-MEA (R0: Fig. 7D–G). The IR-induced depletion of NAD+ and 

Fig. 3. Role of ERK5 S496 phosphorylation in IR- and DOX-induced reduction of ERK5 transcriptional activity and subsequent SASP. 
(A) BMDMs isolated from WT and ERK5S496A KI mice were treated with IR (2 Gy). After the indicated times, Western blotting was performed using the antibodies 
against the indicated proteins. Representative images from 3 independent experiments are shown. (B) BMDMs from WT and ERK5S496A KI mice were transfected 
with pBind vector containing ERK5, pG5-luc plasmids, as well as pcDNA3.1 plasmid (control) or pcDNA3.1 containing a constitutively active MEK5 (CA-MEK5) for 30 
h and then treated with IR (left) or DOX (right). After 6 h, ERK5 transcriptional activity was measured as described in Methods. Mean ± SD, (n = 3). (C) BMDMs from 
WT and ERK5S496A KI mice were transfected with the ARE luciferase reporter and the constitutively expressing Renilla luciferase vector for 16 h. Cells were treated 
with IR or DOX, and 6 h later, NRF2 transcriptional activity from 3 independent experiments was measured as described in Methods. (D) BMDMs from WT and 
ERK5S496A KI mice were exposed to IR or non-IR. After 24 h, Western blotting was performed using antibodies against the indicated proteins. (E) BMDMs from WT 
and ERK5S496A KI mice were treated with IR or DOX. After 24 h, TL lengths were determined as described in Methods and presented relative (%) to the TL length of 
human T-cell leukemia (1301) cells, which was set to 100%. Mean ± SD, (n = 3). (F) BMDMs from WT and ERK5S496A KI mice were transfected with the NF-κB 
luciferase reporter and the constitutively expressing Renilla luciferase vector for 16 h and then exposed to IR or left untreated. After 12 h, NF-κB transcriptional 
activity was measured as described in Methods. Mean ± SD, (n = 3). (G) BMDMs from WT and ERK5S496A KI mice were exposed to IR (left) or DOX (right). After 24 
h, pHrodo-positive cells were quantified. Mean ± SD, (n = 3), **P < 0.01. 
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Fig. 4. IR inhibited both OXPHOS and glycolysis via the p90RSK and ERK5 S496 phosphorylation. 
(A-D, F–I) BMDMs isolated from WT mice were pre-treated with FMK-MEA (10 μM) or vehicle for 1 h and exposed to IR (A-D). Alternatively, BMDMs from WT and 
ERK5 S496A KI mice were exposed to IR (F–I). These cells were then seeded on Seahorse plates. After 24 h, OXPHOS and glycolysis parameters were measured. 
During extracellular flux analysis, cells were sequentially treated with (A, F) Oligomycin (OM), carbonyl cyanide 4-(tri 4-(trifluoromethoxy) phenylhydrazone 
(FCCP), and rotenone plus antimycin A (ROT/AA) and used to assess OXPHOS parameters based on oxygen consumption rates. (B, H) The basal respiration, 
mitochondrial ATP production, maximal respiration, and spare respiratory capacity were calculated and plotted as oxygen consumption rates in pmoles/minutes. 
Mean ± SD, (n = 3). (C, G) Glucose (GLUC), OM, and 2-deoxyglucose (2-DG) were used to determine glycolysis parameters from extracellular acidification rates. (D, 
I) Glycolysis, glycolytic reserve, glycolytic capacity, and non-glycolytic acidification were calculated and plotted as the extracellular acidification rate in mpH/ 
minutes. Mean ± SD, (n = 3). (E, J) BMDMs from WT mice were pre-treated with FMK-MEA (10 μM) or vehicle for 1 h and then exposed to IR (E); alternatively, 
BMDMs from WT and ERK5 S496A KI mice were exposed to IR (J). **P < 0.01 (K, L) BMDMs from WT mice were pre-treated with FMK-MEA (10 μM) or vehicle for 1 
h and then exposed to IR, and after 24 h of IR, the expressions of M1- (K) and M2 (L) -like markers mRNA levels were detected by the fold inductions relative to the 
expression in unexposed BMDMs. Mean ± SD, (n = 3). 

Fig. 5. Only late phase of mtROS production after chemo-radiation was dependent on. 
(A) BMDMs from WT mice were incubated with various cancer drugs or TNFα with or without MitoTEMPOL (10 μM) as indicated. MitoSox Red was added, and 
mtROS levels were detected as described in Methods. Cells exposed to IR were assayed 10 min or 12 h later. Mean ± SD, (n = 3). (B, C) WT BMDMs were transfected 
with the NF-κB (B) or ARE (C) luciferase reporter and the constitutively expressing Renilla luciferase vector for 16 h. Cells were then pretreated with MitoTEMPOL 
(10 μM) for 1 h and treated with or without IR. After 12 h, NF-κB (B) or ARE (C) transcriptional activity was measured (see Methods). Mean ± SD, (n = 3). (D) 
BMDMs from WT and DN-p90rsk-MTg mice were exposed to IR or non-IR and 24 h later, mtROS was measured as described in A, Mean ± SD, (n = 3). (E-G) BMDMs 
from WT mice were pretreated with vehicle or FMK-MEA (10 μM) for 1 h (E, G) or BMDMs from WT or ERK5 S496A KI mice (F) were exposed to IR or treated with 
DOX, and mtROS levels detected. Mean ± SD, (n = 3). 
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Fig. 6. Roles of p90RSK-ERK5 S496 phosphorylation in chemo-radiation-induced PARP activation, and complex II activity in mtROS production. 
(A, B) BMDMs from WT mice were pre-treated with FMK-MEA (10 μM) or vehicle for 1 h and then exposed to IR (left) or treated with DOX (right) (A). Alternatively, 
BMDMs from WT and ERK5 S496A KI mice were exposed to IR (left) or treated with DOX (right) (B). After 24 h, levels of PARylation was determined by Western 
blotting using the indicated antibodies Representative images from 3 independent experiments are shown (quantification in Figs. S5E and F). (C, D) NAD+ levels were 
measured using the NAD kit (Cell Biolabs) in BMDMs that were treated as described in A. Mean ± SD, (n = 3). (E) A scheme of complexes I-III of the electron 
transport chain, which plays a key role in mtROS production. Electrons (e− ) from NADH and FADH2 are passed to oxygen and generates ROS. CI, CII, CIII: complex I- 
III, CoQ: coenzyme Q. (F) WT BMDMs were pre-treated with atpenin A5 (20 nM) or vehicle (DMSO, 0.1%) for 1 h and then treated with IR (left) or DOX (right) as in 
G. After 24 h, mtROS levels were measured as described in A. **P < 0.01 (G) Succinate dehydrogenase (SDH) activity was measured after 24 h of IR at the indicated 
doses. Results are expressed as % compared to time 0. Mean ± SD, (n = 3). (H) BMDMs from WT mice were pre-treated with FMK-MEA (10 μM) or vehicle for 1 h and 
then exposed to IR, and succinate levels were measured after 24 h of IR (2 Gy). Mean ± SD, (n = 3). 
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ATP recovered partially in 3 days (D3) without any treatment. Treating 
cells with olaparib or FMK-MEA, even 24 h after IR, increases the 
reduced NAD+ and ATP levels to that of the non-IR and vehicle-treated 
cells (R1). Addition of these drugs 48 h after IR was less effective, 
especially for recovery of ATP levels (R2; Fig. 7A and D-G). These data 
suggest that mitochondria ATP deletion can be reversible without 
showing any immediate cell death or apoptosis, which we denominated 
as mitochondrial stunning. Mitochondria can be stunned for up to 48 h 
after IR and that p90RSK and PARP activation plays a critical role in 
IR-induced mitochondrial stunning. As we discussed above, PARP acti-
vation induces mtROS production [55], which plays a key role in 
p90RSK-ERK5-NRF2 module and subsequent priming (Fig. 1 and 
Figs. S6H and I). We also found that transient treatment with the PARP 
inhibitor at the time of IR significantly inhibited PARP activation, 
γH2AX levels, and priming in response to H2O2 in CD11b-positive cells 
in vivo (Fig. 7H–K). Taken together, these data suggest that mtROS 
production initiated by chemo-radiation forms a nucleus-mitochondria 
positive feedback loop by mtROS-induced p90RSK-ERK5-NRF2 mod-
ultion and PARP activation, which is triggered by mitochondrial stun-
ning (Figure 7L). 

3.8. Transient inhibition of PARP, only at the time of IR, prevented IR- 
Induced monocyte priming, atherosclerosis, and macrophage infiltration 

To obtain pre-clinical data on the combined effects of PARP in-
hibitors and radiation on future CVD, we modified the mouse coronary 
atherosclerosis model [60] by combining it with the transverse aortic 
coarctation (TAC) model in LDLR− /- mice that are fed a high-fat diet and 
treated with or without IR (Fig. 8A). We found coronary atherosclerosis 
(Fig. 8B, second from the top) with high macrophage accumulation 
(Fig. S7A) in the plaque in 7 of 18 mice in the IR + TAC group, and 3 of 
11 mice in the IR + TAC with olaparib treated group after a total of 10 
Gy (5 Gy administered twice for a total dose of 10Gy) to the neck and 
thorax region. In contrast, no plaques were found in the non-IR + TAC 
group, as reported [60]. Of note, we observed no difference among these 
three groups in body weights and cholesterol levels (Figs. S7D and E). As 
shown in Fig. 8C, we found diffuse LAD stenosis with atherosclerotic 
lesions in the IR group, which has been reported in human coronary 
arteries after radiation [61]. The LAD stenosis was significantly 
increased by IR, and transient olaparib treatment significantly inhibited 
this compared to the IR + vehicle group (Fig. 8D, top), demonstrating 
the crucial role of PARP activation in IR-induced coronary 
atherosclerosis. 

We also determined the mean LAD wall thickness from 11 whole 
heart sections equally spaced (400 μm) from the proximal (level 1) to the 
distal tip (level 11) of the heart. LDA without atherosclerotic plaque 
throughout the entire length were analyzed (Fig. 8D, middle). A sig-
nificant increase was noted in the IR + TAC group compared to the non- 
IR + TAC group, but olaparib did not affect the LAD wall thickness. 
Although no effects of IR were observed in interstitial fibrosis after TAC 
(Fig. S7B), we found a significant increase in perivascular fibrosis after 

IR. Olaparib, however, did not inhibit the IR-induced perivascular and 
vascular fibrosis (Fig. S7C). This may explain the slight but not signifi-
cant decrease in the left ventricular (LV) mass after olaparib treatment 
(Fig. 9A and B). 

Cardiac function was assessed by echocardiography, and we 
observed cardiac hypertrophy about 4 weeks after TAC in both the non- 
IR and IR groups; this hypertrophy (LV mass) was exacerbated by IR 
(Fig. 9). The IR group exhibited reduction in fractional shortening (FS), 
by comparison to the non-IR group. Transient olaparib treatment pre-
vented this (Fig. 8D, bottom). In addition, localized cardiac dysfunction 
and infarction were found in 4 of the 18 IR + TAC group and 1 of 11 in 
the IR + TAC olaparib-treated group. No akinesis or thinning of the 
ventricular wall was noted in the non-IR + TAC group. We confirmed the 
infarcted area by Masson’s trichrome staining in mice with significant 
coronary atherosclerosis (Fig. 9D and E). These data suggest that IR 
exacerbates coronary atherosclerosis-mediated ischemia and localized 
cardiac dysfunction in the murine model, an effect that is attenuated by 
PARP inhibition. 

Next, we stained heart sections with Mac3 and CD31 and found a 
significant increase in Mac3-positive cells in perivascular lesions in the 
IR + TAC group compared with the TAC only group.; Mac3+ cells 
infiltration was significantly inhibited in the olaparib-treated IR + TAC 
group (Fig. 8E). Most importantly, IR increased numbers of Mac3- 
positive cells in the perivascular regions of both atherosclerotic and 
non-atherosclerotic coronaries (Fig. 8E and F). Although olaparib did 
not avert IR-induced increases in vascular wall thickness and peri-
vascular fibrosis, it improved cardiac function, suggesting that macro-
phage infiltration may play a role in IR-induced cardiac dysfunction. 

4. Discussion 

Chemo-radiation including DOX, ifosfamide, paclitaxel, mitoxan-
trone, and IR significantly increased p90RSK activity in monocytes and 
macrophages both in vitro and in vivo. p90RSK activation decreases 
NRF2-ARE transcriptional activity by increasing ERK5 S496 phosphor-
ylation, leading to SASP. Interestingly, we found p90RSK-mediated 
ERK5 S496 phosphorylation caused mitochondrial stunning, which 
was associated with increased mtROS production even after ATP 
depletion and primed myeloid cells to a secondary insult of ROS. This 
priming effect was also detected in cancer patients even 1–2 months 
after the completion of radiation therapy. The epigenetic changes play a 
role in reprogramming, which in turn activates MCs and subsequently 
elicits atherogenesis [62–64]. Several studies support the link between 
mitochondria-mediated metabolites production and epigenetic reprog-
raming that induces trained innate immunity, which is a similar concept 
to our priming to ROS in MCs [64,65]. However, the exact mechanism 
for priming including the role of epigenetic changes and the manner by 
which the state of priming is maintained are unclear. IR-induced 
epigenetic changes have been extensively studied, but the results are 
conflicting [66]. Therefore, the concept that priming is induced and 
maintained solely by epigenetic changes becomes questionable. In this 

Fig. 7. Roles of p90RSK and PARP activation in mitochondrial stunning, cell viability, DDR, and IR-induced priming. (A) A schema of how to detect 
mitochondrial stunning (recovery) after IR with PARP and p90RSK inhibitors. R0: On day 0 (D0), BMDMs from WT mice were pre-treated with the PARP inhibitor, 
olaparib (10 μM) or FMK-MEA (10 μM) for 1 h and then exposed to IR (2 Gy). One day (D1) after IR, NAD+ and ATP levels were measured. R1: BMDMs were exposed 
to IR and 1 day later, were treated with olaparib or FMK-MEA as in R0. After 2 days of IR (D2), NAD+ and ATP levels were measured. R2: WT BMDMs were exposed 
to IR and after 2 days, treated with olaparib or FMK-MEA as in R0. On day 3 (D3), NAD+ and ATP levels were measured. (B, C) BMDMs were treated with olaparib or 
FMK-MEA as described in A, and cell viability was measured by the Trypan blue-exclusion assay (B, left and C) and cell death by detecting LDH release into the 
culture medium. Mean ± SD, (n = 3). (D–G) BMDMs were treated with olaparib or FMK-MEA as in A, and NAD+ and ATP levels were measured as described in A. 
Mean ± SD, (n = 3). (H–K) Olaparib inhibited IR-induced monocyte priming. C57Bl/6 wild-type mice were treated with olaparib (10 mg/kg/day ip) from day (D) 
0 to D2 and exposed to IR (2 Gy) on D1. On D5, PBMCs were isolated (top), and Western blotting was performed using the indicated antibodies (H). (I, J) The graphs 
represent PARylation and γH2AX densitometry data from 3 independent gels, one of which is shown in H (I: PARylation, J: γH2AX). (K) On D5, PBMCs were isolated 
as described in H (top), and p90RSK activity was measured in CD11b-positive cells before and after 10 min stimulation with H2O2 (200 μM). (L) A schematic showing 
the role of nucleus-mitochondria positive feedback loop mediated by the p90RSK activation-ERK5 S496 phosphorylation module and PARP activation in regulating 
mitochondrial stunning, priming, and consequent atherosclerosis. *P < 0.05, and **P < 0.01. . (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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current study, we found that IR forms a feedback loop involving phos-
phorylation of p90RSK and ERK5 and PARP activation which causes 
sustained mtROS production and subsequently priming of MCs. Indeed, 
transient PARP inhibition at the time of IR obstructed priming (Fig. 7K 
and L). Our data indicate that not only epigenetic changes but also the 
establishment of the feedback loop between the p90RSK-ERK5 module 
and PARP activation is crucial for priming MCs after IR. 

As we discussed in the introduction, there are a plenty of studies to 
define the role and regulatory mechanisms of how nuclear PARP acti-
vation induces mitochondrial dysfunction (Part A in Fig. 10). However, 
to understand how SASP status becomes persistent, we investigated 
whether mtROS-induced telomere DNA damage can form the nucleus- 
mitochondria feedback loop, because telomere DNA damage induced 
by mtROS has been reported [39]. Therefore, in our current study, we 
focused on trying to determining how chemo-radiation-induced mtROS 
instigates telomere DNA damage and subsequent PARP activation and 
mitochondrial dysfunction (From part B to A in Fig. 10). Previously, we 
have reported the role of p90RSK-ERK5 S496-NRF2 pathway in the 
combined antiretroviral therapy (cART)-induced telomere shortening 
[26]. However, to the best of our knowledge, there is no data on how 
mitochondrial dysfunction can be regulated by this pathway and how 
p90RSK-mediated ERK5 S496 phosphorylation can form a positive 
feedback loop and induce persistent SASP. In this study, we found a 
crucial role for p90RSK-ERK5 S496 phosphorylation and subsequent 
attenuation of NRF2 transcriptional activity in chemo-radiation-induced 
telomere DNA damage and subsequent PARP activation, leading to 
mitochondrial dysfunction (From Part B to A in Fig. 10), inducing a 
positive feedback loop between the nucleus and the mitochondria by 
provoking persistent mtROS production. In this study, we found the 
crucial role of p90RSK-ERK5 S496 phosphorylation and subsequent 
attenuation of NRF2 transcriptional activity in chemo-radiation-induced 
telomere DNA damage and subsequent PARP activation, leading to 
mitochondrial dysfunction and persistent mtROS production (From Part 
B to A in Fig. 10), and form a nucleus-mitochondria positive feedback 
loop. 

As we showed in Fig. 5E and F, both the inhibition of p90RSK and the 
mutant of ERK5 S496A cannot inhibit the early phase (within 30 min of 
stimulation) of mtROS production induced by IR and DOX, but can 
inhibit the mtROS production in later phase after 6 h of IR and DOX 
treatment. MitoTEMPOL completely inhibited IR and DOX-induced 
p90RSK activation and ERK5 S496 phosphorylation as shown in the 
Supplementary Figs. 6H and J. These findings suggest that p90RSK- 
ERK5 S496 phosphorylation is mtROS dependent (Fig. 10 #2). Taken 
together, although late phase of mtROS production after chemo- 
radiation is p90RSK-ERK5 S496 phosphorylation dependent, the early 
phase of mtROS production is independent on p90RSK-ERK5 S496 
phosphorylation, indicating that mtROS production is one of the initial 

steps for forming the nucleus-mitochondria positive feedback loop 
(Fig. 10 #1). 

We found that p90RSK-ERK5 S496 phosphorylation is an upstream 
event of PARP activation (Fig. 6A and B, and Fig. 10 #5), and subse-
quent mitochondrial dysfunction (Figs. 4 and 10 #6) and late phase of 
mtROS production (Fig. 5E and F, and Fig. 10 #7). Since p90RSK-ERK5 
S496 phosphorylation is not a downstream event of PARP activation as 
reported in other MAP kinase family [55,67], our finding is quite novel. 
One of the unique aspects of chemo-radiation-induced mtROS produc-
tion is persistency, and we found the mtROS production was sustained 
over 24 h after low dose of IR and DOX treatment (Fig. 5G), which is very 
different from TNFα-induced mtROS production as we showed in 
Fig. 5A. This low dose of IR and DOX-induced persistent mtROS pro-
duction forms a nucleus-mitochondria positive feedback loop as shown 
in Fig. 10 (#1–7). 

Surprisingly, we detected mtROS production even under the ATP- 
depleted condition after chemo-radiation at the dose that resulted in 
no apoptosis and cell death but a slight decrease in succinate dehydro-
genase (SDH) activity (Fig. 6G). This is a quite unique form of mito-
chondrial dysfunction compared to other stimuli, which have been 
reported previously. For example, Virág et al. showed that PARP acti-
vation induced cell necrosis, but no data on OXPHOS and glycolysis 
were included [35]. Andrabi et al. reported that N-methyl-N-ni-
troso-N′-nitroguanidine (MNNG) inhibits both OXPHOS and glycolysis 
via PARP activation in mouse cortical neurons, but again MNNG caused 
over 55% cell death after 24 h of treatment by detecting propidium io-
dide and Hoechst staining [59]. Although we did observe similar 
OXPHOS and glycolysis reduction after low dose of IR and DOX treat-
ment, we did not find any increase of apoptotic cells detecting by 
annexin V staining (Fig. 1F) and cell death detecting by trypan blue 
staining and the release of LDH even after 24 h of low dose of IR and 
DOX (Fig. 7A–C). This is a very surprising finding, because low dose of 
IR and DOX completely reduced ATP levels by inhibiting both OXPHOS 
and glycolysis, but we could not find any increase of cell apoptosis and 
death. Furthermore, we did find a significant increase of mtROS pro-
duction even after IR and DOX completely depleted NAD+ and ATP 
level. To the best of our knowledge, no previous work determined the 
high mtROS production under ongoing both ATP and NAD+ depleted 
condition (not after reperfusion as Choiuchani et al. have reported [68]). 
Since complex II activity is NAD+ independent and complex II is able to 
produce mtROS production, we investigated the potential role of com-
plex II activity in mtROS production, and showed that the complex II 
specific inhibitor of Atepenin A5 significantly inhibited IR and 
DOX-induced mtROS production (Fig. 6F). These data suggest that 
complex II activity is necessary for mtROS production. Furthermore, we 
also found that IR increased succinate levels, which were inhibited by 
p90RSK inhibition (Fig. 6H). Thus, macrophages treated by low dose of 

Fig. 8. Role of PARP activation in coronary atherosclerosis, vascular wall thickening, macrophage infiltration, as well as subsequent cardiac dysfunction 
and myocardial infarction. (A) A schematic showing the timing of each procedure for evaluating IR-induced cardiovascular pathologies. LDLR− /- mice were fed an 
HFD for ≈2 weeks and exposed to localized IR (5 Gy) in the neck and thoracic area twice. Mice were fed a normal chow diet (ND) for ≈2 weeks until their body 
weight had recovered, as we described previously [100], and HFD feeding was restarted for ≈2 weeks. Thoracic aorta coarctation (TAC) was then performed and ≈4 
weeks later, we performed echocardiography and euthanized the mice for sample collection. (B) Representative images of the left anterior descending artery (LAD) 
stained with hematoxylin and eosin 4 weeks after TAC at different distances from the aortic valve (AV) to the tip of the heart (Apex), depicting varying degrees of 
atherosclerosis and vessel wall thickness between the IR and non-IR groups. (C) Stenosis grades, as described in Methods, at different distances from AV (section #1 
[AV] to #11 [apex]). Mean ± SD, (n = 11). (D) Quantification of stenosis grades (top, 11 sections examined for each group), the normalized and averaged ratio of 
vascular wall thickness to the vessel diameter of LAD (middle, Non-IR, n = 9 (3 male (M)/6 female (F); IR + vehicle, n = 11 (3 M/8F); IR + olaparib, n = 11 (5 
M/6F)) and fractional shortening (FS) (bottom, Non-IR, n = 21 (4 M/17F); IR + vehicle, n = 17 (6 M/11F); IR + Olaparib, n = 11 (5 M/6F)) 4 weeks after 
TAC-surgery as indicated in A. Mean ± SD (Top) Repeated measures 1-way ANOVA, Turkey’s multiple comparison test with individual variances (grades/section) 
were used for each comparison. (Middle and bottom) ordinary 1-way ANOVA. (E) Representative immunofluorescence staining of the coronary artery for ECs (CD31 
[green]), macrophages (Mac3 [red]), and nuclei (DAPI [blue]). The number of anti-Mac3 positive cells in the perivascular region were normalized by the area of 
perivascular region (x10 [4] μm [2]). Mean ± SD; non-IR, n = 9 (3 M/6F); IR + vehicle, n = 16 (7 M/9F); IR + olaparib, n = 11 (5 M/6F). The area between two 
dotted lines is the perivascular region. Statistical significance was assessed by 1-way ANOVA and multiple comparisons were made by Bonferroni’s t-test. Scale bar =
10 μm. (F) The numbers of anti-Mac3 positive cells in the perivascular region of LAD without atherosclerotic plaques were normalized by the area of perivascular 
region (x10 [4] μm [2]). Mean ± SD; non-IR, n = 9 (3 M/6F); IR + vehicle, n = 10 (3 M/7F); IR + olaparib, n = 8 (2 M/6F). *P < 0.05, **P < 0.01. Macrophage 
infiltration into perivascular area was significantly increased by IR + TAC, which was completely inhibited by transient olaparib treatment. *P < 0.05, **.. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 9. Transient PARP inhibition improved IR (localized 5 Gy twice)-induced cardiac dysfunction after TAC. (A) Echocardiographic parameters after IR and 
TAC. LV: left ventricular, LVAW; s: LV end-systolic anterior wall thickness, LVAW; d: LV end-diastolic anterior wall thickness, LVPW; s: LV end-systolic posterior wall 
thickness, LVPW; d: LV end-diastolic posterior wall thickness. (B) LV mass (left), LVAW; d (middle), and LVPW; d (right) before and after TAC from the non-IR after 
TAC, IR after TAC, and IR + olaparib treatment after TAC groups. The data are mean ± SD, n = 6–21, **P < 0.01 and *P < 0.05. (C) Representative M-mode 
echocardiograph from the non-IR after TAC, IR after TAC, and IR + olaparib treatment after TAC groups. (D) Representative B-mode images of a mouse heart in the 
parasternal long axis with infarct (IR after TAC group) or without infarct (non-IR after TAC group), showing the thin ventricular wall and akinesis in the apex area. 
(E) Representative Masson trichrome stained heart from the IR + vehicle treatment group after TAC. 

Fig. 10. A new model of nucleus-mitochondria positive feedback loop formed by p90RSK-ERK5-NRF2 module-mediated PARP activation, and subsequent 
persistent SASP induction and coronary atherosclerosis formation after chemo-radiation. 
(1) Chemo-radiation initiates mtROS production before p90RSK-ERK5 S496 phosphorylation, because initial phase of mtROS production induced by low dose of IR 
and DOX could not inhibit by p90RSK inhibitor and ERK5 S496A mutant (Fig. 5E and F). 
(2) Next, chemo-radiation increased p90RSK-mediated ERK5 S496 phosphorylation, which subsequently inhibited ERK5 and NRF2 transcriptional activity, because 
mtROS specific inhibiotor (MitoTEMPOL) significantly inhibited low dose of both IR and DOX-induced p90RSK activity and ERK5 S496 phosphorylation. However, 
no change of ERK5 kinase activation detected by ERK5 TEY motif phosphorylation was detected (Supplementary Figs. 6H and I). 
(3) The impairment of NRF2 transcriptional activity decreases anti-oxidant expressions including HO1 and Trx1 (Fig. 1H and N), which plays a crucial role of 
instigating persistent SASP status (i. senescence, ii. Inflammation, iii. mtROS production, iv. Attenuation of efferocytosis) (Fig. 1H-N), and primes MCs for enhancing 
the secondary insult of extracellular ROS-induced p90RSK-ERK5 S496 phosphorylation (Fig. 1H, I, and N). 
(4) p90RSK-mediated ERK5 S496 phosphorylation and subsequent downregulation of NRF2 transcriptional activity and anti-oxidant expression is necessary for low 
dose of IR and DOX-induced telomere shortening (Fig. 1J and K, Fig. 3E, and Supplementary Figs. 5D, H, and K). 
(5) Telomere DNA damage-induced PARP activation has been reported [37]. 
(6) PARP activation-mediated mitochondrial damage and cell death have been extensively studied [34–36]. For example, the involvement of the reduction of MKP1 
induced by PARylated ATF-4 in ERK1/2/JNK/p38 activation-mediated mitochondrial dysfunction and cell death has been reported [55]. The implication of PARP 
activation on significant inhibition of both glycolysis and OXPHOS has been reported, and these conditions lead to severe and irreversible mitochondrial damage and 
cell death [35,56,59]. However, we found that low dose of IR and DOX did not induce any immediate cell death (Fig. 7B and C), and the depletion of ATP and NAD+

was recovered by PARP and p90RSK inhibitors (Fig. 7D–G), suggesting the reversibility of mitochondrial dysfunction. We referred this unique reversible form of 
mitochondrial dysfunction with severe ATP depletion as “mitochondrial (mt) stunning”. 
(7) Another unique aspect of this mitochondrial stunning is its metabolically active status even under the depleted ATP condition. We found persistent mtROS 
production and the increase of succinate level after low dose of IR (Fig. 5A, E, F and G), and the induction of late phase of mtROS (but not early phase of mtROS 
production) (Fig. 5E and F) and succinate were p90RSK dependent (Fig. 6H). We also observed the necessity of complex II activity for mitochondrial 
stunning-induced mtROS production (Fig. 6F). Significant and persistent mtROS production without killing the cells would be important for chronic inflammation 
and unceasing SASP status, which are noted even long after the completion of cancer therapy as late effects. 
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IR and DOX are metabolically active, and the p90RSK-dependent in-
crease of succinate level after IR and DOX can also explain why mtROS 
production was increased even when SDH activity is partially decreased 
(Fig. 6G). It is also important to note that succinyl coenzyme A (CoA) 
synthetase can generate GTP during the reaction from succinyl-CoA to 
succinate [69], which can be used as an alternative source for ATP in 
some reaction [70]. We will determine how succinate is increased by 
chemo-radiation in a p90RSK dependent manner in our future studies. 

Another unique aspect of chemo-radiation-induced mitochondria 
dysfunction is its reversibility. As shown in Fig. 7A–G, the depletion of 
ATP and NAD+ was sustained, but treating cells with PARP or p90RSK 
inhibitor, even 24 h after IR, increased the reduced NAD+ and ATP levels 
to that of non-IR and vehicle-treated cells, suggesting that ATP and 
NAD+ depletion after IR is reversible. To the best of our knowledge, we 
could not find any papers that described the reversibility of ATP and 
NAD+ depletion after a significant decrease of both OXPHOS and 
glycolysis, and most of the papers showed cell death or severe mito-
chondrial damage [35,56,59]. Based on the unique aspects of mito-
chondrial dysfunction as we discussed above, we called this as 
“mitochondria stunning”. Mitochondrial stunning is a state of mito-
chondrial ATP depletion without showing any immediate cell death or 
apoptosis, and mitochondrial ATP depletion condition is reversible. 
Also, mitochondrial stunning is metabolically active with high persistent 
mtROS production. p90RSK-mediated ERK5 S496 phosphorylation is 
necessary for IR- and DOX-induced PARP activation, and all of these 
events in the nucleus-mitochondria positive feedback loop (#1-#7 in 
Fig. 10) contribute to inducing mitochondrilal stunning. Of note, during 
mitochondrial stunning, which could last for up to 48 h, mtROS pro-
duction was increased by sustained complex II flux, possibly due to the 
increased p90RSK-mediated succinate level (Fig. 6H). These data also 
suggest that macrophage exposed to low dose of IR and DOX are not 
dying, and they are metabolically very active, which also supports the 
very unique aspects of the status of mitochondrial stunning. 

Recently, it was proposed that PARP inhibitors can induce radio-
sensitization and that tumor cells are preferentially sensitized to RT by 
PARP inhibitors in repair-deficient hypoxic cells [71]. Of note, a bio-
logically active dose of PARP inhibitors caused minimal toxicity in 
clinical trials; several clinical trials are evaluating the combination of RT 
and PARP inhibitors as radiosensitizers [71], but not as atherosclerosis 
inhibitors, for preventing the late effects of RT that result in CVD. In our 
study, we found that the combination of RT and PARP inhibition 
significantly decreased IR-induced coronary atherosclerosis formation, 
macrophage infiltration, and cardiac dysfunction in our TAC + IR 
model. Although the long-term inhibition of PARP can inhibit athero-
sclerosis formation in animal studies [72], it has not been recommended 
for the clinical use as an anti-atherosclerosis drug because of a poten-
tially harmful side effect of long-term PARP inhibition on tumorigenesis 
by increasing chromosomal instability [73]. Our data provide 
pre-clinical evidence that the transient PARP inhibition restricted to the 
time of RT not only induces radiosensitization in tumor cells but also 
inhibits cardiovascular damage after RT without causing potential 
tumorigenesis induced by long-term PARP inhibition. 

In this study, we found a significant macrophage infiltration into 
perivascular regions after IR, regardless of coronary plaque formation; 
this macrophage infiltration was inhibited by the PARP inhibitor. It is 
becoming evident that cardiac remodeling is, at least in part, controlled 
by a complex cross-talk between cardiomyocytes and macrophages [74]. 
For example, inhibition of monocyte and monocyte-derived macrophage 
recruitment improves cardiac dysfunction after myocardial infarction 
[75]. On the other hand, macrophages could cause conduction abnor-
malities by secreting IL-1β which destabilizes the electrical activity of 
cardiomyocytes, potentially promoting ventricular arrhythmia [76]. 
Thus, macrophage infiltration could play a role in instigating cardiac 
dysfunction after IR, which could be prevented by PARP activation. 
Monocytes and macrophages are cells of the innate immune system and 
are also relevant to aortic stiffness associated with atherosclerotic 

plaque formation. Although resident macrophages can be derived from a 
unique lineage [77], recent evidence indicates that circulating mono-
cytes can traffic into and out of tissues without becoming macrophages 
[78]. Therefore, circulating monocytes may play a significant role in 
regulating arterial stiffness and atherogenesis. Indeed, decreased arte-
rial stiffness in angiotensin II-infused macrophage colony stimulating 
factor-deficient mice, which are deficient in both monocytes and mac-
rophages, was reported [79]. Although RT targets localized cancer, it 
can have systemic effects [80–83]. The current study shows that local-
ized radiation exposure of cancer patients leads to priming of circulating 
monocytes to H2O2, even 1–2 months after the completion of RT, sug-
gesting that radiation exerts a systemic effect, at least through circu-
lating monocytes. Since we previously reported that p90RSK activation 
in MCs has a crucial role in atherosclerosis development, the presence of 
readily activatable p90RSK in monocytes may predispose cancer survi-
vors to CVD. 

Based on prior publications [84–92], and the new data presented in 
this study, we have formulated a conceptual model as the followings. 
Long established risk factors such as smoking, hypertension, and dia-
betes, “prime” the system towards a pro-inflammatory state, which is 
further exacerbated by various cancer treatments, especially by ionizing 
radiation (IR) [84–92]. Inflammation is a critical driver of atheroscle-
rosis and an independent risk factor for myocardial infarction, heart 
failure and cardiovascular death [93]. At the central hub of this chronic 
inflammation are the monocyte/myeloid cells (MC), which play a key 
role in healing processes. It is the abnormal activation of MC through 
various processes, including IR, that progresses through a series of steps 
that lead to microvascular damage and radiation-induced CVD (RICVD) 
(Fig. S8): (1) MC activation and reprogramming, which promotes 
cellular infiltration and extravasation into areas of IR-induced peri-
vascular injury. Reprogrammed MCs at the site of IR elicit priming of 
circulating MC, probably in the spleen or bone marrow, and accelerate 
MC recruitment even long after IR [94,95]; (2) Infiltrated MCs interact 
with cardiomyocytes, and induce cardiac dysfunction and arrhythmias 
[96] (3) Activation of endothelial cells (EC) stimulates EC inflammation 
and damage induced by cytokines secreted from MC [97]; (4) EC acti-
vation provokes microvascular dysfunction, which promotes and pre-
dicts future CV events and coronary atherosclerosis (5) [98,99]. Each 
step proposed here definitely needs further investigation in the context 
of chemo-radiation-induced cardiovascular disease, but our novel ani-
mal model would be helpful to define these steps. 

We did not see a significant decrease of ERK5 transactivation 
induced by chemo-radiation without CA-MEK5 transfection in myeloid 
cells (Fig. 1B). There are two possibilities to explain this. The basal level 
of ERK5 transactivation was very low in myeloid cells when we used our 
mammalian one-hybrid assay system with Gal4-ERK5 and the Gal4- 
responsive luciferase reporter pG5-Luc constructs. Therefore, it may be 
difficult to detect more down-regulating effects of ERK5 S496 phos-
phorylation on ERK5 transactivation at the basal level in myeloid cells 
because of the low basal level of ERK5 transactivation and sensitivity of 
the ERK5 transactivation assay system in myeloid cells. Of note, since we 
did see the decrease of ERK5 transactivation induced by various 
chemotherapy reagents in Hela cells with HTS analysis without CA- 
MEK5 transfection, the low basal level of ERK5 transactivation might 
be cell type-specific. 

However, it is also possible that ERK5 S496 phosphorylation can 
regulate NRF2 transactivation, independent of ERK5 transactivation. We 
also found that NRF2 SUMOylation was regulated by ERK5 S496 phos-
phorylation, which was independent of ERK5 transcriptional activity 
(data not shown). Therefore, NRF2 transcriptional activity may be 
regulated by ERK5 S496 phosphorylation-mediated NRF2 SUMOylation 
without affecting ERK5 transactivation. We will investigate this possi-
bility in our future study. 

In conclusion, this study uncovered that various cancer treatments 
instigate p90RSK-mediated ERK5 S496 phosphorylation as the shared 
signaling event in circulating monocytes, and this p90RSK-ERK5 module 
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plays key roles in priming MCs for ROS and establishing the nucleus- 
mitochondrial feedback loop through telomere DNA damage-mediated 
PARP activation, mitochondrial stunning, and mtROS production. The 
activation of this nucleus-mitochondria feedback loop reprograms MCs 
toward SASP while keeping the cells’ physiologic states in reduced 
antioxidant expression, heightened telomere DNA damage, and 
increased sensitivity to ROS. We also showed that the inhibition of PARP 
effectively suppressed the IR-induced mitochondrial stunning, priming, 
and coronary atherosclerosis. Based on these results, we propose that the 
PARP inhibitor is a promising candidate that inhibits the IR- and anti- 
cancer drug-induced pathologic events in MCs. Thus, PARP inhibitors 
are not only radio-sensitizers but also effective agents that could reduce 
CV events after radiation. 

As we explained above, Part A (except the aspect of mt stunning) has 
been well studied [34–36], and we have reported the role of 
p90RSK-ERK5 S496 phosphorylation-NRF2 module in regulating com-
bined antiretrovirals therapy-induced telomere DNA damage [26] (Part 
B). However, to the best of our knowledge, how part B regulates part A 
remains largely unknown. In this study, we are successfully closing the 
gap between part A and B by finding the key role of p90RSK-ERK5 S496 
phosphorylation-NRF2 module in chemo-radiation-induced PARP acti-
vation and mitochondrial dysfunction and establish the novel concept of 
nucleus-mitochondria positive feedback loop. More importantly, we 
discover the crucial role of reversible mitochondrial stunning without 
causing immediate cell death for explaining persistent mtROS produc-
tion in MC after low dose of IR and DOX treatment. This persistent 
mtROS production is also essential for maintaining 
nucleus-mitochondria positive feedback loop and consequently 
long-lasting SASP status as described in Part C. 

In part C, we showed that each component of nucleus-mitochondria 
positive feedback loop formed by part A and B contributes to prolonged 
SASP status as i) telomere DNA damage to senescence, ii) ERK5 S496 
phosphorylation-NRF2 and PARP activation to inflammation and ROS 
[26,101], iii) mt stunning to mtROS, and iv) p90RSK-ERK5 S496 phos-
phorylation to efferocytosis [26]. The reduction of anti-oxidant 
expression contributes to the priming effects of MC in response to the 
secondary ROS insult. Although the contribution of SASP in athero-
sclerosis has been suggested [102,103], to the best of our knowledge, 
nobody has tested whether the transient inhibition of PARP activation at 
the time of IR only attenuates SASP induction and priming of MC after 
IR, and suppresses IR-induced coronary atherosclerosis. Our data pro-
vide a novel pre-clinical evidence that the transient PARP inhibition 
restricted to the time of RT not only induces radiosensitization in tumor 
cells but also inhibits cardiovascular damage after RT. 
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