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Abstract

Background: ERK5 is a dual kinase-transcription factor containing an N-terminal kinase 

domain and a C-terminal transcriptional activation domain. Many ERK5 kinase inhibitors have 

been developed and tested to treat cancer and inflammatory diseases. However, recent data have 

raised questions about the role of the catalytic activity of ERK5 in proliferation and inflammation. 

We aimed to investigate how ERK5 reprograms myeloid cells (MCs) to the pro-inflammatory 

senescent phenotype, subsequently leading to atherosclerosis.

Methods: A ERK5 S496A (dephosphorylation mimic) knock-in (KI) mouse model was 

generated using CRISPR/Cas9, and atherosclerosis was characterized by hypercholesterolemia 

induction. The plaque phenotyping in homozygous ERK5 S496A KI and wild-type mice 

was studied using imaging mass cytometry. Bone marrow-derived macrophages (BMDMs) 

were isolated from hypercholesterolemic mice and characterized using RNA sequencing and 

functional in vitro approaches, including senescence, mitochondria reactive oxygen species, and 

inflammation assays, as well as by metabolic extracellular flux analysis.

Results: We show that atherosclerosis was inhibited in ERK5 S496A KI mice. Furthermore, 

ERK5 S496 phosphorylation mediates both senescence-associated secretory phenotype (SASP) 

as well as senescence-associated stemness (SAS) by upregulating aryl hydrocarbon receptor 

(AHR) in plaque and BMDMs isolated from hypercholesterolemic mice. We also discovered that 

ERK5 S496 phosphorylation could induce NRF2 SUMOylation at a novel K518 site to inhibit 

NRF2 transcriptional activity without altering ERK5 catalytic activity and mediates oxidized 

LDL (oxLDL)-induced SASP. Specific ERK5 kinase inhibitors (AX15836 and XMD8-92) 

also inhibited ERK5 S496 phosphorylation, suggesting the involvement of ERK5 S496 

phosphorylation in the anti-inflammatory effects of these ERK5 kinase inhibitors.

Conclusions: We discovered a novel mechanism by which the macrophage ERK5-NRF2 

axis develops a unique SASP/SAS phenotype by upregulating AHR to engender atherogenesis. 

The finding of SAS provides a molecular explanation to resolve the paradox of senescence in 
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proliferative plaque by permitting MCs to escape the senescence-induced cell cycle arrest during 

atherosclerosis formation.

Graphical Abstract

Keywords

Oxidized LDL; atherosclerosis; senescence-associated secretory phenotype; efferocytosis; 
antioxidants; p90RSK; NRF2; ERK5; imaging mass cytometry

INTRODUCTION

Age is a significant risk factor for atherosclerosis, and cellular senescence is associated 

with the pro-inflammatory phenotype of macrophages, which has been described as a 

senescence-associated secretory phenotype (SASP) 1–3. SASP is believed to play a vital 

role in atherosclerosis 4–6. We have already identified the critical role of four components 

of SASP in the form of 1) telomere shortening-triggered DNA damage and the subsequent 

p53, p16, and p21 induction, 2) reactive oxygen species (ROS) induction, 3) inflammation, 

and 4) impairment of efferocytosis during the process of atherosclerosis 7. Senescence is 

characterized by cell cycle arrest, and therapy-induced senescence has long been a basis 

for cancer therapy to inhibit cancer cell growth 8. However, this conventional view has 

recently been challenged 9–11. Milanovic et al. 10 reported that senescence reprograms 

cancer cells to acquire a proliferative phenotype [senescence-associated stemness (SAS)] 

after cancer therapy, which allows them to escape senescence-induced cell cycle arrest 

with strongly enhanced clonogenic growth potential. SAS is different from SASP and 

regulated independently of senescence-induced cell cycle arrest 12,13 and death 14,15. It is 

now considered to be one of the critical mechanisms in developing resistance to cancer 

therapy 14–16. Since both senescence and proliferation of macrophages 17 play critical roles 

in atherosclerotic plaque formation, we hypothesized that SAS could also be involved in 

atherosclerosis. However, to the best of our knowledge, SAS has not been explored in 

cardiovascular disease.
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Extracellular signal-regulated kinase 5 (ERK5/BMK1/MAPK7), a member of the mitogen-

activated protein kinase (MAPK) family, is unique in that it is not only a kinase but 

also a transcriptional co-activator with a long C-terminal transcriptional activation domain 

(TAD) 18,19. The ERK5 N-terminal kinase domain has a characteristic TxY (threonine-x-

tyrosine, TEY) motif in the activation loop that activates both kinase and transcriptional 

activity once phosphorylated 18. As a negative regulator of TAD, once activated, the N-

terminal kinase domain releases its inhibitory effect and activates TAD. Both the association 

of ERK5 with transcriptional factors and the activation of ERK5 C-terminal TAD are 

required for transcriptional activation of myocyte enhancer factor-2 (MEF2) 20, proliferator-

activated receptor γ (PPARγ) 18, and nuclear factor-erythroid factor 2-related factor 2 

(NRF2) 21. We have reported that activated p90RSK binds the ERK5 C-terminal region 

(amino acids 571–807), enabling p90RSK to phosphorylate ERK5 S496 7 and inhibit the 

transcriptional activity of ERK5 7. However, ERK5 kinase activation also can be upstream of 

p90RSK activation 22. Importantly, ERK5 S496 phosphorylation is not dependent on ERK5 

kinase activity 1,7. p90RSK activation increased ERK5 S496 phosphorylation and induced 

atherosclerosis 1, but the exact role and mechanisms of ERK5 S496 phosphorylation in 

atherosclerosis in vivo remains unclear. Also, oxidized LDL (ox-LDL) can induce SASP 

in myeloid cells (MCs) 23, but how SASP is initiated by oxLDL has been incompletely 

characterized.

The effects of ERK5 in endothelial cells (ECs) and in the activation of monocytes 

on inflammation are controversial. Hellman’s group showed that ERK5 siRNA inhibits 

cytokine-induced inflammatory response in ECs and monocytes 24, whereas we found 

that depletion of ERK5 inhibits shear stress-induced anti-inflammatory effects in ECs 18. 

Lin et al. generated a highly selective ERK5 kinase inhibitor (AX15836) and noted that 

unlike ERK5 depletion, AX15836 exerts no anti-inflammatory or anti-proliferative effects 
25. While, Lochhead et al. showed that AX15836 induces Kruppel-like factor 2 (KLF2) 

transactivation; however, no data related to the effects of this inhibitor on inflammation or 

proliferation was provided 26. All these differences indicate that ERK5 specific inhibitors 

might function differently from ERK5 genetic deletion or depletion. Lin et al. suggested 

that the phenotypes caused by ERK5 genetic depletion might be due to the removal of its 

noncatalytic function 25. However, it remains unclear what kind of noncatalytic function 

is removed by the deletion/depletion of ERK5 that can regulate anti-inflammatory and/or 

anti-proliferation effects.

In this study, we evaluate the role of ERK5 S496 phosphorylation in the induction of 

atherosclerosis, SASP, and SAS in vivo in ERK5 S496A (dephosphorylation mimic) 

knock-in (KI) mice, using a novel imaging mass cytometry (IMC) technique 27. We also 

investigate whether ERK5 S496 phosphorylation inhibits NRF2 transcriptional activity via a 

noncatalytic function of ERK5 and its regulatory mechanism.

METHODS

Details of the experimental procedures are included in the online supplemental information.
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Data Availability

The RNA-seq data was deposited in the NCBI’s Gene Expression Omnibus database 

(accession GSE210949). The data, analytic methods, and study materials that support the 

findings of this study are available in the Data supplement or from the corresponding authors 

upon reasonable request.

RESULTS

ERK5 S496 phosphorylation promotes plaque size and vulnerable plaque formation

To determine the role of ERK5 S496 phosphorylation in atherosclerosis, we generated 

ERK5 S496A KI mice. We performed Western blotting and confirmed that ERK5 S496 

phosphorylation is absent but ERK1/2 and p90RSK are still activated in bone marrow-

derived macrophages (BMDMs) isolated from ERK5 S496A KI mice (Fig. 1A, B and 

Fig.S1A). Conversely, we did not observe any changes in ERK5 TEY phosphorylation, 

which represents ERK5 kinase activation, after oxLDL stimulation (Fig. 1A, B). We fed 

ERK5 S496A KI and wild type (WT) C57BL6 control mice a high-fat diet (HFD) for 16 

weeks after injecting all mice with a single dose of adeno-associated-virus-8 overexpressing 

pro-protein convertase subtilisin/Kexin type 9 gain-of-function D377Y mutant (AAV8-

PCSK9)34 as we reported previously. No differences in body weight, low-density lipoprotein 

(LDL), or high-density lipoprotein (HDL) cholesterol levels, and cardiac function evaluated 

by echocardiography were noted (Fig. S1), whereas the area of atherosclerotic lesions 

evaluated by Oil-Red-O staining in en face preparations of the ERK5 S496A KI aortas was 

smaller than that of the WT control aortas (Fig. 1C and D). The size of necrotic cores (Fig. 

1E) and the percentage of terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL)-positive cells were decreased in ERK5 S496A KI aortas compared to that of 

the WT control aortas (Fig. 1F), suggesting that ERK5 S496 phosphorylation increases 

atherosclerotic plaque size and promotes the formation of vulnerable plaques.

ERK5 S496 phosphorylation induces SASP without affecting ERK5 catalytic activity

OxLDL reduced a constitutively active form of MEK5 (CA-MEK5)-induced ERK5 

transcriptional activity detected by luciferase reporter assay, which could be reversed by 

FMK-MEA, a specific inhibitor of p90RSK 7 (Fig. 1G), and in BMDMs isolated from ERK5 

S496A KI mice (Fig. 1H). However, oxLDL showed no significant effects on baseline 

ERK5 transcriptional activity in the MCs transfected with the control plasmid (empty 

pcDNA without CA-MEK5). Next, we examined the effects of ERK5 S496 phosphorylation 

on the following four SASP characteristics: 1) excessive ROS production with reduction 

of antioxidants, 2) senescence, 3) reduction of efferocytosis and 4) pro-inflammation 1. 

Although oxLDL showed no effect on baseline ERK5 transcriptional activity (Fig. 1G), 

it decreased the expression of antioxidant molecules such as thioredoxin 1 (TRX1) and 

heme oxygenase 1 (HO1); this decrease was completely reversed in BMDMs isolated from 

ERK5 S496A KI mice (Fig. 1I, J). We also found that oxLDL increased mitochondrial 

ROS (mtROS) production in WT BMDMs, which was inhibited in ERK5 S496A KI 

BMDMs as detected by two separate MitoNeoD and MitoSOX Red assays as described 

in the method section (Fig. 1K (MitoNeoD) and Fig.S1F, G (MitoSOX)). OxLDL increased 

expression of p16, p21, and p53 detected by Western blotting (Fig. 1I, J) and induced 
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senescence-associated β-gal staining (SA-βgal) (Fig. 1L), all of which were absent in ERK5 

S496A KI BMDMs. GAS6 and DNA damage response (DDR)-related molecules DNA 

methyltransferase 3a (DNMT3a) expression were inhibited, but TNFα was increased by 

oxLDL in WT BMDMs (Fig. 1I, J). In WT BMDMs, oxLDL increased NF-κB activation 

(Fig.1M) while reducing efferocytosis detected by using pHrodo dye27 (Fig. 1N, O); all of 

these effects observed in WT BMDMs were reversed in ERK5 S496A KI BMDMs or by 

FMK-MEA (Fig.1N, O). Of note, oxLDL had no effect on both ERK5 kinase activity and 

transcriptional activity (Fig. 1A, G, H). These data suggest that ERK5 S496 phosphorylation 

regulates SASP independent of ERK5 catalytic activity.

Divergent role of ERK5 S496 phosphorylation in SASP in MCs and ECs

IMC is a technique that uses antibodies conjugated with rare-earth-metal isotopes of 

defined atomic masses that allows the antibody-bound-proteins to be separated by a mass 

cytometer instead of fluorescent or enzymatic moieties that are used in conventional 

immunohistochemistry (IHC) and immunohistofluorescence (IHF). We prepared tissue 

sections from the plaques of the WT fed a HFD (WT HFD) and the ERK5 S496A KI mice 

fed a HFD (ERK5 S496 KI HFD) or a normal chow diet (NCD) as a control for 12 weeks 

after AAV8-PCSK9 injection, and then generated high-dimensional images of these tissue 

sections (Fig. 2A, B, upper). Using the VISIOPHARM program (Hoersholm, Denmark), 

single-cell features were computationally segmented by a watershed algorithm (Fig. 2B, 

lower). Single-cell markers or molecule expression data were extracted and analyzed by the 

Phenomap™ module, and t-SNE plots were generated by a phenotyping algorithm (Fig. 

2D). Based on these analyses, we found 9 clusters in both WT and ERK5 S496A KI plaques 

(Fig. 2C, E). Using CD31, von Willebrand factor, and ETS-related genes as EC markers 

and CD11b and CD107b as MC markers, we identified 2 EC-like clusters (#5 and #6) and 

5 MC-like clusters (#1, #3, and #7-9) (Fig. 2C, E). No statistically significant difference in 

the relative cellularity (% of total cells) of these clusters between WT and ERK5 S496A KI 

plaques was observed (Fig. 2F).

In 5 MC-like clusters (#1, #3, and #7-9), we found less expression of p53 and more 

expression of TRX1 in clusters #3 and 7, DNMT3a in clusters #7 and 8, TYRO3 in 

cluster #7, and GAS6 and TOP2β in cluster #9 in ERK5 S496A KI plaques compared 

to WT plaques (Fig. 2G–O). We also verified the IMC findings using IHC and found a 

decreased expression of p53 in macrophages [LAMP2 (also known as Mac3)-positive cells 

(demarcated area)] and an increased expression of TRX1 and DNMT3A in ERK5 S496A KI 

plaques compared to WT plaques (Fig. S2A–C). These data suggest that the SASP-related 

events, including p53, efferocytosis (TYRO3), anti-oxidation (TRX1), and DDR (TOP2β) 

are regulated by ERK5 S496 phosphorylation in MCs localized in the atherosclerotic 

plaques in vivo.

In the 2 EC-like clusters, the intensity of signals associated with the SASP events was 

weaker than that in the 5 MC-like clusters. However, we still found an increased expression 

of TRX1, GAS6, TYRO3, and DNMT3A in ERK5 S496A KI plaques compared to WT 

plaques (Fig.S2D). Alternatively, we did not detect any differences in the expression of 

p53 and TOP2β in EC-like clusters between ERK5 S496A KI plaques and WT plaques 
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(Fig. S2D). Interestingly, IL6 expression was higher in MC-like clusters (#1, 7, and 9) and 

EC-like cluster (#5) in ERK5 S496A KI plaques than in those of the WT plaques (Fig. 2M 

and Fig.S2D). IL6 athero-protective effects may contribute to less plaque formation in ERK5 

S496A KI mice 28.

Since the distribution of MCs in relation to blood vessels can provide information about 

macrophage infiltration and migration to the plaque, we performed a morphometric analysis 

of the distance between MCs and ECs in WT and ERK5 S496A KI plaques. Although 

matching plaque sizes were selected for analysis, the mean distance from the EC-like cluster 

#5 to the MC-like cluster #8 was shorter in ERK5 S496A KI plaques than in WT plaques 

(Fig. S2E). We also found that the migration of ERK5 S5496A KI BMDMs detected by 

Boyden chamber assay was significantly less than wild-type (Fig. S2F). These data indicate 

that ERK5 S496 phosphorylation promotes MC-like cell infiltration and migration.

ERK5 S496 phosphorylation promotes SAS

Milanovic et al. have defined SAS as “an unexpected, cell-autonomous feature that exerts its 

detrimental, highly aggressive growth potential upon escape from the cell-cycle blockade”10. 

p53 plays a crucial role in controlling senescence-induced cell cycle arrest29, especially 

in macrophages during atherosclerosis formation30. IMC data analysis shows that p53 

is expressed at relatively higher level among all senescent markers tested (Fig. S2G). 

To determine whether senescence, particularly SAS, is induced during the process of 

atherosclerosis, we investigated the relationship between p53 and Ki67 (as a proliferation 

marker in the atherosclerosis lesions 31) in the plaques in vivo by calculating the logarithm 

of the Ki67 expression to p53 expression ratio at a single-cell level [log10(Ki67: p53 ratio 

of selected cells] in IMC data. Because the one-dimension density distribution of this 

parameter was trimodal, MCs were divided into 3 groups based on different patterns of 

p53:Ki67 expression (Fig. 3A) with the cutoff values −1.01 and −0.024 (Fig. 3B). Anti-

proliferative effects of p53 appear to explain the (Ki67: p53) ratio in MC groups 1 and 3; 

however, p53 and Ki67 were linearly co-expressed in group 2 (y = 0.92x + 0.81; F test p – 

value < 2.2e – 16), indicating that this group likely escaped from anti-proliferative effects of 

p53 (Fig. 3A). Quantitative data analysis showed the percentage of ERK5 S496A KI cells in 

group 2 was lower than that of the WT cells (Fig. 3D). In contrast, the percentage of ERK5 

S496A KI cells in group 3 was higher than that of the WT cells and was not different from 

that of the WT cells in MC group 1 (Fig. 3C, E). Collectively, these data implicate a unique 

role of ERK5 S496 phosphorylation in regulating SAS in MCs during atherogenesis.

In contrast to MCs, we could not find the apparent SAS phenotype in ECs (Fig. S2I). We 

also performed IMC analysis with vascular smooth muscle cells (VSMCs) by using α-SMA 

antibody and found group 1 (high p53 and low Ki67) and group 3 (low p53 and high Ki67) 

phenotypes, but VSMCs did not show SAS phenotype of group 2 (the linear relationship 

between p53 and Ki67 expression) (Fig.S2J). We also evaluated the SASP phenotype in 

VSMCs and found an upregulation of DNMT3a and GAS6 expression in VSMCs from 

the plaque of ERK5 S496A KI mice. However, we could not find other SASP molecules 

changes between wild-type and ERK5 S496A KI mice in VSMCs (Fig.S2K). These data 

Abe et al. Page 7

Circ Res. Author manuscript; available in PMC 2024 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicate that the SAS phenotype was present in myeloid cells, but it was less clear in ECs 

and VSMCs.

Hypercholesterolemia induce MC phenotypic changes to SASP/SAS via ERK5 S496 
phosphorylation

Although cell cycle arrest is a hallmark of senescence, senescent cells can escape cell cycle 

arrest and acquire the SAS phenotype 10. Since MC proliferation is a crucial component of 

plaque formation 17, SAS can play a critical role in atherosclerosis. We demonstrated the 

potential existence of SAS in the plaque (Fig.3A–E). To investigate how SAS was regulated 

in MCs by hypercholesterolemia, we isolated bone marrow cells from WT and ERK5 S496A 

KI mice fed a HFD or NCD for 16 weeks after AAV-PCSK9 injection and differentiated 

them to BMDMs for evaluation of SASP and SAS induction.

We found 1) an increase of p53, p21, and p16 and SA-βgal positive cells (Fig. 3F, G, and 

Fig. S3), 2) a decrease of TRX1 and HO1 (Fig. 3F, and Fig. S3), an increase of mtROS 

(Fig. 3H (MitoNeoD), and Fig. S1G (MitoSOX)), 3) a decrease of GAS6 (Fig. 3F, and Fig. 

S3) and efferocytosis (Fig. 3I), 4) an increase of TNFα and various cytokine and chemokine 

secretion (Fig. 3F, and Fig. S3 and S4) in BMDMs isolated from hypercholesterolemic 

(HC) WT HFD mice compared to that of normocholesterolemic (NC) WT NCD mice, were 

inhibited in BMDMs isolated from HC ERK5 K496A KI HFD mice. We also found an 

increase in arginase-1 and Fizz1 mRNA in BMDMs isolated from HC ERK5 S496A KI 

HFD mice (Fig. S4B), suggesting the shift from M1 to an M2-like phenotype in MCs by 

the ERK5 S496A mutation. Furthermore, levels of IL-1α, IL-1β, and CXCL3 cytokines in 

serum obtained from ERK5 S496A KI HFD mice were lower than those from WT HFD 

mice (Fig. S4C), also supporting the role of ERK5 S496 phosphorylation in SASP induction.

Because mitochondrial dysfunction plays a critical role in the induction of SASP 32, we 

examined oxidative phosphorylation (OXPHOS) and glycolysis in cultured BMDMs isolated 

from WT or ERK5 S496A KI mice after NCD or HFD. Whereas OXPHOS was decreased, 

glycolysis was increased in BMDMs from HC WT HFD mice compared to NC WT NCD 

mice, an effect which was completely reversed in BMDMs from ERK5 S496A KI mice (Fig. 

S5). Ox-LDL reduced the ATP and NAD+ levels in WT BMDMs but not in ERK5 S496A KI 

BMDMs (Fig. 3J, K).

Since the data in Fig.3F–K supported the idea that BMDMs from NCD and HFD-

fed mice showed significant phenotypic differences in SASP, we also evaluated two 

senescence markers (p53-binding protein 1 (53BP1) and LAMIN B1) and cell growth 

marker (proliferating cell nuclear antigen (PCNA)) as evidence for SAS in HC-mediated 

reprogrammed BMDMs. We observed an increase of 53BP1 and PCNA, and a decrease of 

LAMIN B1 expression in HC WT-HFD mice (HFD BMDMs) compared to NC WT-NCD 

mice (NCD BMDMs), an effect that was reversed in ERK5 S496A KI BMDMs (Fig. 3F 

and Fig. S3). Furthermore, we examined the amount of double SAβ-gal and Ki67 positive 

(SA β-gal+Ki67+) (Fig. 3L, M), and double 53BP1 and Ki67 positive (53BP1+Ki67+) 

macrophages (Fig. 3N, O), and found a significant decrease of both SA β-gal+Ki67+ and 

53BP1+Ki67+ macrophages obtained from HC ERK5 S496A KI-HFD mice compared to 
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those from the HC WT-HFD mice (Fig. 3L–O). These data indicate that SAS is increased in 

HC-mediated reprogrammed MCs in an ERK5 S496 phosphorylation-dependent manner.

Aryl hydrocarbon receptor (AHR) is required for ERK5 S496 phosphorylation-induced SAS

To investigate the molecular mechanism by which ERK5 S496 phosphorylation reprograms 

MCs to SAS, we performed RNA sequencing (RNA-seq) for WT and ERK5 S496A KI 

BMDMs under NCD or HFD. We identified 784 differentially expressed genes (DEGs) 

regulated only by HC-induced ERK5 S496 phosphorylation (Fig. 4A–C). The Gene 

Ontology (GO) analysis revealed that these DEGs are involved in critical senescence-related 

processes such as cell cycle, cellular response to DNA damage, protein transport, and 

negative regulation of apoptosis (Fig. 4D, and Fig. S6). GO Bubble analysis showed the 

strong involvement of ERK5 S496 phosphorylation in nuclear events, also supporting its 

role in regulating senescence events (Fig. S6). Gene-annotation enrichment analysis (GO 

Circle) showed that z-scores of both cell cycle and cellular response to DNA damage were 

negative in ERK5 S496A KI (Fig. 4D and E), suggesting the role of cell cycle and DNA 

damage response in inducing SAS. Interestingly, we found only 30 DEGs between WT 

NCD and WT HFD BMDMs (Fig. 4F), among which 15 DEGs were regulated by ERK5 

S496 phosphorylation (Fig. 4G and H). These observations support the critical role of ERK5 

S496 phosphorylation in HC-mediated MC reprogramming. We identified 10 core genes 

(Ahr, Gclm, H3C3, H4c11, Lpar1, Megf9, Nfe2, Ppih, Rpl22l1, and Tpt1) regulated by 

HC-mediated ERK5 S496 phosphorylation that might be crucial for HC-induced SAS.

Since Ahr showed the most significant changes among the 10 core genes, and its 

contribution to both cell proliferation 33 and senescence 34 had already been reported, 

we next investigated its expression in BMDMs. We found an increase in AHR protein 

expression in WT HFD compared to WT NCD BMDMs ex vivo. This increase was no 

longer apparent in ERK5 S496A KI HFD BMDMs (Fig. 3F, and Fig. S3). In addition, 

NRF2-KEAP1-binding inhibitory peptide (NRF2A) inhibited AHR expression (Fig. 4I) in 

BMDMs of WT HFD mice. The depletion of AHR inhibited the increase of SAβ-gal+Ki67+ 

macrophages in WT HFD BMDMs (Fig. 4J, K), supporting the pivotal role of AHR in 

HC-induced SAS.

ERK5 S496 phosphorylation, but not ERK5 catalytic activity, is crucial for inflammation 
and mtROS induction

Since we did not find an increase in ERK5 TEY motif phosphorylation by oxLDL (Fig. 

1A), we used granulocyte-macrophage colony-stimulating factor (GM-CSF) to detect ERK5 

TEY motif phosphorylation. We transfected BMDMs with an ERK5b splice variant cDNA 

mutant (aa78-806), which lacked an ATP binding site and showed no ERK5 kinase or 

transcriptional activity 18,35. We also studied the effect of a dual phosphorylation site 

mutant of ERK5 (ERK5TEYm), which inhibited stimuli-induced ERK5 kinase activation 
36 after TEY motif phosphorylation (Fig. 5A). In BMDMs transfected with the ERK5b or 

the ERK5TEYm, GM-CSF-induced ERK5 TEY motif phosphorylation and the subsequent 

KLF2 induction were inhibited, whereas ERK5 S496 phosphorylation was unaffected 

(Fig. 5B, C and Fig. S7A, B). In contrast, ERK5 kinase inhibitors (XMD8-92 and the 

highly selective ERK5 kinase inhibitor, AX-1583625) both suppressed ERK5 TEY motif 
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phosphorylation-mediated KLF2 induction and S496 phosphorylation (Fig. 5D, E and Fig. 

S7C, D). Lastly, the ERK5 S496A mutant inhibited ERK5 S496 phosphorylation but had no 

effect on KLF2 induction mediated by ERK5 TEY phosphorylation (Fig. 5F and Fig. S7E). 

These data support the crucial role of ERK5 TEY motif phosphorylation, but not ERK5 

S496 phosphorylation, in ERK5 kinase activation-mediated KLF2 induction.

ERK5 kinase inhibitors prevented oxLDL-mediated ERK5 S496 phosphorylation and TNFα 
induction but showed no effect on p90RSK phosphorylation (Fig. 5H, I and Fig. S7H, 

I), which supports the specificity of ERK5 kinase inhibitors. In contrast, ERK5b did 

not inhibit oxLDL-mediated p90RSK phosphorylation, ERK5 S496 phosphorylation, and 

TNFα induction (Fig. 5G and Fig. S7G). These data indicate that the inhibition of ERK5 

catalytic activity is dispensable for the anti-inflammatory effects of ERK5 kinase inhibitors. 

Interestingly, ERK5TEYm inhibited both oxLDL-induced p90RSK phosphorylation and 

TNFα induction (Fig. 5J and Fig. S7F), indicating a unique role for ERK5 TEY motif 

phosphorylation on interplay between ERK5 and p90RSK, which could subsequently 

regulate p90RSK activation in an ERK5 kinase activity-independent manner 37.

Lastly, we found that both ERK5b deletion mutant and ERK5TEYm could not inhibit 

oxLDL-induced mtROS production, but ERK5 S496A and both ERK5 kinase inhibitors 

inhibited mtROS production (Fig.5K and Fig.S1H). Taken together, this finding indicates a 

crucial role for ERK5 S496 phosphorylation in mtROS production, independent of ERK5 

catalytic activity.

ERK5 S496 phosphorylation induces NRF2 SUMOylation to provoke SASP and 
mitochondrial dysfunction

OxLDL-induced reduction of NRF2 transcriptional activity detected by luciferase reporter 

assay was abolished by ERK5 S496A mutant and AX-15836 but not by the ERK5b deletion 

mutant (Fig. 6A). The data collectively (Fig. 5K and S1I) suggests that ERK5 kinase 

inhibitors might inhibit oxLDL-mediated reduction of NRF2 transcriptional activity and 

subsequent mtROS induction by inhibiting ERK5 S496 phosphorylation but not ERK5 

catalytic activity. The role of SUMOylation in the regulation of transcriptional factor activity 

has already been reported 38. We investigated whether NRF2 SUMOylation can be regulated 

by ERK5 S496 phosphorylation. OxLDL-increased NRF2 SUMOylation in WT BMDMs 

was inhibited in ERK5 S496A KI BMDMs (Fig. 6C). Importantly, we also found an increase 

of NRF2 SUMOylation in WT HFD compared to WT NCD BMDMs but not in ERK5 

S496A KI BMDMs (Fig. S8A, B). NRF2 SUMOylations at K525(6)/595(6)39 and K11040 

(NXQ16236-1) have been reported (Fig. 6B). However, based on iPTMnet (#Q16236), 

the publicly accessible post-translational modification database, only K518 is an NRF2 

SUMOylation site detected by mass spectrometry 41, and to the best of our knowledge, the 

functional role of NRF2 K518 SUMOylation remains unclear. Therefore, we generated the 

NRF2 K518R mutant and found that the NRF2 K518 to R mutation blocked oxLDL-induced 

NRF2 SUMOylation, indicating that NRF2 K518 is a primary SUMOylation site in MCs 

in response to oxLDL stimulation (Fig. 6D). Next, we found that the inhibition of NRF2 

transactivation after oxLDL treatment was reversed by NRF2 K518R mutant, indicating 

that NRF2 K518 SUMOylation inhibited NRF2 transcriptional activity (Fig. 6E). All four 
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components of SASP were abolished by transfection with the NRF2 K518R mutant (Fig. 

6F–J and Fig. S8C). Furthermore, we also found that the NRF2 K518R mutant negated the 

oxLDL-induced AHR expression (Fig. 6J and Fig.S8C).

Mitochondrial dysfunction plays a crucial role in triggering SASP 32. Whereas levels of 

OXPHOS, ATP, and NAD+ were decreased, glycolysis was increased in WT BMDMs after 

oxLDL incubation; however, these effects were attenuated in ERK5 S496A KI BMDMs 

(Fig. 7A–F). Although oxLDL effects on glycolysis after plasmid transfection were less 

clear, we observed a decreased OXPHOS, ATP, and NAD+ after adding oxLDL to the cells 

overexpressing NRF2 WT; however, this decrease was no longer apparent in cells with the 

NRF2 K518R mutant (Fig. 7G–L). Taken together, these observations indicate a critical role 

of NRF2 K518 SUMOylation in SASP/SAS and AHR induction.

DISCUSSION

In this study, we have used ERK5 S496A KI mice to show a decrease in the size 

of atherosclerosis and vulnerable plaque formation with the reduction of necrotic core 

formation and apoptotic cell accumulation in response to HC. To determine the role of 

ERK5 S496 phosphorylation in SASP, we utilized the IMC technique that performs a 

qualitative single-cell assessment of SASP in vivo. We found that SASP events were 

inhibited in MC-like clusters obtained from ERK5 S496A KI plaques, which confirmed the 

crucial role of ERK5 S496 phosphorylation in SASP induction. More importantly, we found 

the unique type of MCs, so-called SAS, that escaped from the growth-suppression effects of 

p53 in the plaque (Group 2 in Fig. 3A). The induction of SAS was reduced in the plaques 

from ERK5 S496A KI compared to WT. In addition, the increase of SAβ-gal+Ki67+ and 

53BP1+Ki67+ macrophages in HC WT HFD BMDMs compared to those in NC WT NCD 

BMDMs was attenuated in ERK5 S496A KI mice (Fig. 3). These data are in agreement 

with a critical role of ERK5 S496 phosphorylation in SAS induction. Although senescence 

in atherosclerotic plaque has been reported 42, it is challenging to link senescence to plaque 

formation because of the increase of cell proliferation in the plaque. This paradox is resolved 

by our demonstration of SAS, which permits macrophages to escape the senescence-induced 

cell cycle arrest during atherosclerosis formation.

AHR is a ligand-activated transcription factor, which promotes cellular adaptation to 

environmental changes by sensing compounds from the environment, diet, microbiome, 

and cellular metabolism 33. AHR can regulate many biological processes, including 

angiogenesis, cell motility, and immune modulation. A role for AHR in senescence and 

atherosclerosis, by increasing ROS has been reported 34,43–47. Since AHR was the most 

significantly upregulated gene, by HC-mediated ERK5 S496 phosphorylation in MCs, we 

examined its role in SAS induction. We found that AHR depletion inhibited the SAS 

phenotype in BMDMs from HC WT HFD mice (Fig. 4K). We also found that ERK5 S496A 

and NRF2 K518R mutant inhibited AHR expression and induction of SAS phenotype. Taken 

together, these data indicate a crucial role of ERK5 S496 phosphorylation and subsequent 

NRF2 K518 SUMOylation on AHR induction in the initiation of SAS (Fig. 7M). Further 

investigation will be necessary to determine how AHR can regulate SAS phenotype.
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Of significance, two ERK5 kinase inhibitors (XMD8-92 and a highly selective inhibitor, 

AX15836) inhibited ERK5 S496 phosphorylation (Fig. 5D, E, H, I and Fig. S7C, D, 

H, I). There are still conflicting results regarding the functional role of ERK5 catalytic 

activity. ERK5 contains not only kinase and transcriptional activity, but also possesses 

noncatalytic functions. Therefore, the function of ERK5 may be different depending on 

which component (kinase, transcriptional activity, and ERK5 S496 phosphorylation-NRF2 

K518 SUMOylation) is dominant in the condition under study. For example, Wilhelmsen 

et al. reported that the pro-inflammatory role of ERK5 is induced by pro-inflammatory 

cytokines such as IL-1β, TNFα, and Toll-like receptor 2 agonists 24,48. However, we 18 

and others 49 found that ERK5 has anti-inflammatory effects in the context of shear stress. 

We found that shear stress increased only ERK5 TEY motif phosphorylation and had no 

effect on p90RSK and ERK5 S496 phosphorylation 7. In contrast, cytokines, and oxLDL 

increased p90RSK activation 50 and ERK5 S496 phosphorylation, but the effects on ERK5 

TEY motif phosphorylation were minimum (Fig.1A). Therefore, the difference in ERK5 

post-translational modification in response to each stimulus could be the key to explaining 

these controversies. These data also indicate that not only ERK5 catalytic activity but 

also ERK5 S496 phosphorylation-NRF2 K518 SUMOylation should be considered when 

assessing the role of ERK5 in various situations (Fig. 7M).

The depletion of NRF2 in bone marrow-derived cells accelerated atherosclerosis formation 

in LDLR−/− mice by inducing pro-inflammatory gene expression 51. There are several 

potential mechanisms that induce crosstalk between NRF2 and NF-κB signaling. For 

example, the increase of ROS caused by NRF2 depletion can activate IKK and 

increase pro-inflammatory gene expression 52. Furthermore, NRF2 could intervene in 

the senescence process by disrupting proteostasis, altering genomic stability, and causing 

telomere dysfunction and apoptosis 53. We and others 54,55 reported a crucial role of 

NRF2 in upregulating efferocytosis. Previously, we also showed that the NRF2 activator 

abolished SASP events in BMDMs 1. In the current study, we found a role for ERK5 

S496 phosphorylation in reducing NRF2 transcriptional activity and AHR-SAS induction 

via upregulation of NRF2 K518 SUMOylation. The role of NRF2 in up-regulating 

CD36 expression has been implicated in the depletion of NRF2-mediated reduction of 

atherosclerotic plaque formation 56. We detected that NRF2 K518R inhibited oxLDL-

induced CD36 expression (Fig. 6J), which points to different roles for NRF2 depletion 

and NRF2 K518 SUMOylation in the regulation of CD36 expression. Taken together, these 

data indicate a critical role of ERK5 S496 phosphorylation-mediated NRF2 SUMOylation in 

SASP/SAS and consequently accelerated atherosclerosis (Fig. 7M).

We found that the mutation of ERK5 S496A inhibited unstable plaque formation and SASP 

events in MCs in the plaque. However, ERK5 S496 phosphorylation instigated not only 

SASP but also SAS via upregulating AHR expression. The involvement of senescence in 

atherosclerosis formation has already been suggested57, but the exact molecular mechanisms 

of senescence-induced atherosclerosis remain unclear. SASP is usually claimed to favor 

atherosclerosis formation by producing numerous inflammatory cytokines 58 and growth 

factors59 that lead to neighboring cells’ proliferation 60,61. To the best of our knowledge, 

our study provides the first evidence in favor of the hypothesis that the senescent myeloid 

cells themselves can proliferate by escaping p53-mediated cell cycle arrest and contribute to 
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plaque formation. This is important for understanding the persistent effects of stress-induced 

senescence (SIS), which can be caused by internal and external stimuli such as stress, 

radiation, and cancer therapy 62. It is already known that many stressors or stressful events 

that are transient can have a persistent impact on atherosclerosis formation 63. If SAS does 

not take place and senescent cells cannot proliferate, these senescent cells should disappear 

as they would be removed from the plaque shortly after termination of the transient stress 64. 

However, we found evidence for the appearance of SAS in the plaque. Therefore, a transient 

stress can have long-lasting effects during plaque formation because SAS myeloid cells 

induced by transient stress can proliferate, thereby maintaining their SASP phenotype. These 

findings point to the importance of phenotypic changes and reprogramming of myeloid cells 

in atherosclerosis formation that occurs years after the termination of transient stress such as 

cancer treatments 62 and sepsis63. Further investigation is necessary to clarify this putative 

mechanism.

We are aware of the fact that our study has several limitations. First, we could 

not use MC-specific ERK5 S496A KI mice. Therefore, we cannot conclude that the 

SASP/SAS phenotype observed in this mouse model is uniquely due to MC ERK5 S496 

phosphorylation. However, since we could not observe apparent SASP and SAS phenotype 

in vascular smooth muscle cells and endothelial cells (Fig. S2D, and G–K), we can still 

propose that myeloid cells ERK5 S496 phosphorylation plays a critical role in the induction 

of SASP/SAS phenotype in atherosclerotic plaque. Another limitation is the possible 

difference in the MC phenotype observed in the plaque and the one occurring in BMDMs 
65. However, our data show that the phenotype of bone marrow cells in HFD mice is 

quite different from the one observed in NCD mice. Therefore, MC SASP/SAS phenotypic 

changes already take place in the bone marrow, before entering the vessel wall. To determine 

the MC phenotype independently of the environmental effects taking place in the plaque, 

it will be necessary to isolate macrophages from the plaque and check and compare gene 

expression levels in BMDMs and plaque-derived macrophages. The third limitation is that 

we do not yet show the real impact on plaque formation of the relatively small number of 

SAS cells we observed in our conditions (1-1.5% in the plaque). In the current study, we 

were able to demonstrate the critical role played by ERK5 S496A phosphorylation and AHR 

expression in the induction of SAS. However, these events are not specific to SAS induction. 

Therefore, we still need to develop an appropriate tool to specifically inhibit SAS induction, 

before being able to ensure that SAS plays an essential role in atherosclerosis. This step is 

still necessary to investigate the molecular mechanism by which SAS is regulated and to 

define the pathophysiological role of SAS in plaque formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Scientific Publications, Research Medical Library at The University of Texas MD Anderson Cancer 
Center for editing and Carolyn J. Giancursio for her technical assistance and Darrell R. Schroeder for helping with 
statistical analysis.

Abe et al. Page 13

Circ Res. Author manuscript; available in PMC 2024 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Funding Sources

This work was partially supported by grants from the National Institutes of Health (NIH) to Drs. Abe (HL-149303 
and AI-156921), and Cooke (HL-149303), Le (HL-134740 and HL-149303), and from Cancer Prevention and 
Research Institute of Texas (CPRIT) to Drs. Abe and Schadler (RP190256). This work is also partially supported 
by the University of Texas MD Anderson Cancer Center Institutional Research Grant (IRG) Program to Dr. Kotla. 
This research was performed in the Flow Cytometry & Cellular Imaging Core Facility, which is supported in part 
by the National Institutes of Health through M. D. Anderson’s Cancer Center Support Grant CA016672, the NCI’s 
Research Specialist 1 R50 CA243707-01A1, and a Shared Instrumentation Award from the Cancer Prevention 
Research Institution of Texas (CPRIT), RP121010.

Non-standard Abbreviations and Acronyms:

53BP1 p53-binding protein 1

AAV8-PCSK9 adeno-associated-virus-8 overexpressing pro-protein 

convertase subtilisin/Kexin type 9 gain-of-function D377Y 

mutant

AHR aryl hydrocarbon receptor

AX-15836 ERK5 kinase inhibitor

BM bone marrow

BMDMs bone marrow-derived macrophages

CA-MEK5 constitutively active form of MEK5

DEGs differentially expressed genes

DNMT3A DNA methyltransferase 3a

ECs endothelial cells

ERK5/BMK1/MAPK7 extracellular signal-regulated kinase 5

ERK5b ERK5 splice variant cDNA mutant (aa78-806)

ERK5TEYm ERK5 dual phosphorylation site mutant

FMK-MEA a potent and selective p90RSK inhibitor

GAS6 growth arrest-specific protein 6

GO gene ontology

GCLM glutamate-cysteine ligase modifier subunit

GM-CSF granulocyte-macrophage colony-stimulating factor

H3C3 H3 clustered histone 3

H4C11 H4 clustered histone 11

HC hypercholesterolemic

HO1 heme oxygenase 1
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HFD high-fat diet

IMC imaging mass cytometry

IHC immunohistochemistry

IHF immunohistofluorescence

Ki67 marker of proliferation Ki-67

KI knock-in

KLF2 kruppel-like factor 2

LAMP2 (Mac3) lysosomal associated membrane protein 2

LPAR1 lysophosphatidic acid receptor 1

MAPK mitogen-activated protein kinase

MCs myeloid cells

MEF2 myocyte enhancer factor 2

MEGF9 multiple EGF like domain 9

mtROS mitochondrial reactive oxygen species

NAD+ nicotinamide adenine dinucleotide

NC normocholesterolemic

NCD normal chow diet

NFE2 nuclear factor erythroid 2

NRF2 NFE2-related factor 2

NRF2A NRF2-KEAP1-binding inhibitory peptide

NF-κB nuclear factor kappaB

OXPHOS oxidative phosphorylation

oxLDL oxidized LDL

p90RSK p90 ribosomal S6 kinase

p53 tumor protein p53

p16 cyclin-dependent kinase inhibitor 2A

p21 cyclin-dependent kinase inhibitor 1

PPARγ proliferator-activated receptor γ

PPIH peptidyl-prolyl cis-trans isomerase H
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ROS reactive oxygen species

RNA-seq RNA sequencing

SA-βgal senescence-associated β-gal

SAS senescence-associated stemness

SASP senescence-associated secretory phenotype

TAD C-terminal transcriptional activation domain

TEY threonine-x-tyrosine

TRX1 thioredoxin 1

TNFα tumor necrosis factor α

TOP2β DNA topoisomerase IIβ

TPT1 tumor protein translationally-controlled 1

TUNEL terminal deoxynucleotidyl transferase dUTP nick end 

labeling

TYRO3 tyrosine-protein kinase receptor TYRO3

WT wild type

XMD8-92 ERK5 kinase inhibitor
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Novelty and Significance

What is Known?

• Senescence-associated secretory phenotype (SASP) is vital in instigating 

atherosclerosis and tumorigenesis.

• Senescence reprograms cancer cells to acquire a proliferative phenotype 

[senescence-associated stemness (SAS)] after cancer therapy, which allows 

them to escape senescence-induced cell cycle arrest.

• ERK5 is a dual kinase-transcription factor containing an N-terminal kinase 

domain and a C-terminal transcriptional activation domain, and ERK5 S496 

phosphorylation inhibits ERK5 transcriptional activity and subsequently 

induces SASP.

What New Information Does This Article Contribute?

• We have identified the SAS phenotype of myeloid cells (MCs) that escaped 

the growth-suppression effects of p53 in the plaque.

• ERK5 S496 phosphorylation triggered not only SASP but also SAS by 

upregulating aryl hydrocarbon receptor (AHR) in MCs and promoting 

atherosclerosis formation.

• ERK5 S496 phosphorylation induces a novel site (K518) of NRF2 

SUMOylation and inhibits NRF2 transcriptional activity without affecting 

ERK5 catalytic activity.

The involvement of senescence in atherosclerosis formation is now well established; 

however, cell cycle arrest is the hallmark of senescence, and myeloid cell (MC) 

proliferation plays a crucial role in developing atherosclerosis. Therefore, it is 

challenging to link MC senescence to plaque formation. Using an imaging mass 

cytometry approach, we discovered the unique MC phenotype of SAS in the 

plaque, which permits MCs to escape the senescence-induced cell cycle arrest during 

atherosclerosis formation. This can resolve the paradox of MC senescence observed in 

proliferative plaque formation. We also demonstrated the crucial role of ERK5 S496 

phosphorylation in upregulating MC SAS phenotype in the plaque. RNA sequencing 

from bone-marrow-derived macrophages isolated from normal and hypercholesterolemia 

(HC) mice indicated the possible role of AHR. The depletion of AHR inhibited the 

increase of senescence-associated β-gal+Ki67+ macrophages, supporting the pivotal role 

of AHR in HC-induced SAS.

ERK5 S496 phosphorylation upregulates NRF2 SUMOylation (K518) and inhibits NRF2 

transcriptional activity, which induces AHR in an ERK5 catalytic activity-independent 

manner. These data indicate a critical role of ERK5 S496 phosphorylation-mediated 

NRF2 SUMOylation in both SASP and SAS induction and, consequently, accelerated 

atherosclerosis. These data provide a novel framework for therapeutic intervention to 

inhibit atherosclerosis by controlling senescence.
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Figure 1: ERK5 S496 phosphorylation plays a crucial role in vulnerable plaque formation and 
SASP induction.
WT BMDMs and ERK5 S496A KI BMDMs were treated with oxLDL (10 μg/ml) for 0-30 

minutes (A, B), and an immunoblotting analysis was performed using antibodies against the 

indicated proteins in vitro. (B) The graphs represent densitometry data from 3 independent 

gels, one of which is shown in A. (C, D) 16 weeks after AAV-PCSK9 injection and fed 

an HFD, ERK5 S496A KI mice exhibited fewer oil-red O-stained atherosclerotic lesions 

in the en face whole aorta, scale bars=1 mm. (D) Quantified oil-red O-stained lesions are 
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shown. (n=15, 21, all male). (E) The area occupied by the necrotic core (acellular lipid core) 

is shown as the percentage of the total lesion area (E, right). Scale bar=1 mm. (n=8, 10). 

(F) Sections of proximal aortas from each group were labeled using TUNEL reagents to 

detect apoptotic cells and counterstained with DAPI to detect nuclei. Only double-positive 

cells (TUNEL and DAPI) were counted. Scale bar=100 μm. (F, right) The graph shows the 

percentage of TUNEL-positive cells (TUNEL+ cells/total cells counted) in the lesion area. 

Over 200 cells were counted for each group. (n=8, 9). (G, H) BMDMs treated with vehicle 

or FMK-MEA (G) or WT BMDMs and ERK5 S496A KI BMDMs (H) were incubated 

with oxLDL (10 μg/mL) or vehicle, and ERK5 transcriptional activity was detected. (I, J) 
WT BMDMs and ERK5 S496A KI BMDMs were treated with oxLDL (10 μg/ml) for 24 

hours, and immunoblotting analysis was performed using antibodies against the indicated 

proteins in vitro. (J) The graphs represent densitometry data from 5 independent gels, one of 

which is shown in I. (K) WT BMDMs and ERK5 S496A KI BMDMs were incubated with 

oxLDL as indicated. mtROS levels were detected by MitoNeoD as described in methods 

section in vitro. Cells treated with oxLDL were assayed 24 hours later. (L) The percentages 

of cells positive for SA-β-gal staining are shown in vitro. More than 200 cells/sample 

were counted. (M) WT BMDMs and ERK5 S496A KI BMDMs were transfected with the 

NF-κB luciferase reporter and the constitutively expressing Renilla luciferase vector for 16 

hours and then incubated with oxLDL or vehicle. After 12 hours, NF-κB transcriptional 

activity was measured as described in Methods in vitro. (N, O) BMDMs treated with vehicle 

or FMK-MEA (10 μM) (N) or WT BMDMs and ERK5 S496A KI BMDMs (O) were 

incubated with oxLDL (10 μg/mL) or vehicle. After 24 hours, pHrodo-positive cells were 

quantified in vitro. The applied statistical tests, sample number, and results in all figures are 

summarized in Table S3. All data are expressed as mean±SD, **P<0.01, *P<0.05.
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Figure 2. Single cells-based clustering by imaging mass cytometry and SASP markers in WT and 
ERK5 S496A KI plaques in vivo.
(A) Six transient and single isotope signals from the markers and the Ir DNA-Intercalator 

signal were plotted. (B, upper) IMC analysis of tissues sectioned from WT and ERK5 

S496A KI plaques. All 26 transient and single isotope signals from the markers and the 

Ir DNA-Intercalator signal were plotted. (B, lower, and C) After cell segmentation and 

phenotyping, 9 phenotypic clusters were identified in WT and ERK5 S496A KI plaque 

tissues. Each color indicates a cell cluster in C. (D) t-SNE plots of WT and ERK5 S496A 
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KI plaque tissues. (E) Heatmap with 9 phenotypic clusters showed differentially regulated 

26 molecules. (F) Cell number (%) in each cluster of total cells in each region of interest 

(ROI). We measured 18 ROIs from 7 WT samples and 18 ROIs from 6 ERK5 S496A 

KI samples and averaged the values from the same sample (n=7, 6). Data are expressed 

as mean±SD. Statistical significance was assessed by one-way ANOVA, and showed no 

difference between WT and ERK5 S496A KI. (G-M) The single-cell expression level of 

each marker in MC-like clusters between WT and ERK5 S496A KI plaque tissues. p53 

expression levels in #1, #7, #8, and #9 were decreased in ERK5 S496A KI cells compared 

to in WT cells (G). Ki67 expression in the most inflammatory MC-like cluster (#8) was not 

changed between WT and ERK5 S496A KI cells (H). TRX expression levels in #3 and #7; 

DNMT3a in #7 and #8; TYRO3 in #7; GAS6 and TOP2β in #9; and IL-6 in #1, #7, and 

#9 were increased in ERK5 S496A KI cells compared to in WT cells (I-M). The Y-axis 

indicates the mean intensity, and solid black lines indicate the median value in each violin 

plot. (N, O) Staining images of each marker acquired by IMC were exported by the MCD 

viewer and merged with cell border images (gray) exported from VIS software. Ir (blue) 

is DNA. Upper images are low magnification (scale bar=100 μm), and lower images are 

high magnification (scale bar=10 μm). (N) Trx (magenta) and DNMT3a (yellow) in CD11b 

(lime)-positive myeloid cells were induced in ERK5 S496A KI compared to WT cells. (O) 
IL-6 (yellow) in CD11b (lime)-positive myeloid cells was induced in ERK5 S496A KI 

compared to WT cells. The applied statistical tests, sample number, and results in all figures 

are summarized in Table S3.
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Figure 3. ERK5 S496 phosphorylation provokes SAS in vivo and ex vivo.
(A-E) Single-cell analysis of p53 and Ki67 expression in vivo. (B) The log scaled ratio of 

Ki67 and p53 of selected cells by log10(expression of Ki67/ expression of p53), and the 

cutoff of ratio with log10(−1.01) and log10(−0.024). (C-E) The % of ERK5 S496A KI cells 

in groups 1-3. KI and WT cells were resampled for 1,000 rounds to calculate the % of cells 

in groups 1-3. In each resampling round, 500 KI (or WT) cells were selected to calculate the 

% in group 1 (or group 2 or 3) by # of cells in group 1 (or group 2 or 3)/# of total cells. 

Wilcoxon test was performed as described in the methods. (F-O) BMDMs isolated from 
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WT and ERK5 S496A KI mice fed a NCD or HFD for 4 months were cultured with the 

same medium ex vivo. (F) Immunoblotting analysis was performed using antibodies against 

the indicated proteins. We used the α-Tubulin expression as a loading control for each 

protein. (Quantification data was shown in Fig. S3.) (G) The percentages of cells positive for 

SA-β-gal staining are shown. (H) mtROS levels were detected by MitoNeoD as described 

in Methods. (I) Efferocytosis was detected by the quantification of pHrodo-positive cells 

(%). ATP (J) and NAD+ (K) were measured in BMDMs isolated from WT and ERK5S496A 

KI mice fed a NCD or HFD. (L) Co-expression of the fluorescent SA β-gal marker and 

Ki67 in BMDMs isolated from WT and ERK5 S496A KI mice after 4 months of HFD. (M) 
The graph showed % of double-positive SA-β-gal and Ki67 cells. (N) Co-expression of the 

fluorescent 53BP1 marker and Ki67 in BMDMs isolated from WT mice after 4 months of 

HFD. (O) The graph showed % of double-positive 53BP1 and Ki67 cells. n=13-14. The 

applied statistical tests, sample number, and results in all figures are summarized in Table 

S3. All data are expressed as mean±SD, **P<0.01, *P<0.05.

Abe et al. Page 29

Circ Res. Author manuscript; available in PMC 2024 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. ERK5 S496 phosphorylation regulates the genetic profile of HC-mediated 
reprogrammed MCs and the critical role of AHR on SAS ex vivo.
(A) Venn diagram illustrating the gene expression patterns in each experimental group. (B) 
Volcano plot of BMDMs from WT and ERK5 S496A KI fed a normal chow diet (NCD) 

or high fat diet (HFD) RNA-seq adjusted p-value < 0.01, 1039 genes upregulated and 327 

downregulated in WT vs. SA NCD, and 1174 genes upregulated, and 418 downregulated 

in WT vs. SA HFD. 3 samples/group. (C) Heatmap differentially regulated 784 genes 

only between WT HFD and ERK5 S496A KI HFD (SA HFD). (D) Functional enrichment 
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analyses. GOcircle plots display scatter plots of log fold change (logFC) for selected GO 

terms. Red dots represent upregulated genes, and blue dots represent downregulated genes. 

The inner circles display z-scores calculated as the number of up-regulated genes minus the 

number of down-regulated genes divided by the square root of the count for a WT HFD and 

ERK5 S496A KI HFD. Up-regulated means that expression is higher in the ERK5 S496A 

KI HFD. (E) Circle plot of select genes indicated ontologies. Gene expression relative 

difference (log2 fold change). (F) Heatmap differentially regulated 30 genes only between 

WT NCD and WT HFD (WT HFD). (G) Venn diagram including the genes listed in E, and 

(H) the list of the genes. (I) AHR expression in BMDMs from WT fed a NCD or HFD 

after 24 hours of the vehicle or NRF2-KEAP1-binding inhibitory peptide, CAS 1362661 

(NRF2A; 2 μM) treatment. (J) AHR expression in BMDMs from WT fed a HFD after 

AHR siRNA or control siRNA transfection. (K) Co-expression of the fluorescent SA-β-gal 

marker and Ki67 in BMDMs isolated from WT HFD after transfection of control siRNA 

and AHR siRNA Graph showed % of double-positive cells of SA-β-gal and Ki67. The 

applied statistical tests, sample number, and results in all figures are summarized in Table 

S3. Mean±SD, **P<0.01.
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Figure 5. ERK5 TEY motif mutant and ERK5 specific kinase inhibitors inhibited ERK5 kinase 
activity and ERK5 S496 phosphorylation in vitro.
(A) The scheme of ERK5 kinase, transactivation domain, and phosphorylation sites. 

BMDMs were transfected with ERK5 WT or ERK5b (B, G), ERK5 TEY motif mutant 

(ERK5TEYm) (C, J), ERK5 S496A mutant (F), or pre-treated with AX15836 (D, H, 5 μM), 

XMD8-92 (E, I, 10 μM), or vehicle for 1 hour, then BMDMs were stimulated by GM-CSF 

(20 ng/ml, B-F), ox-LDL (10 μg/ml, G-K), or vehicle. Cell lysates were collected after 

24 hours of stimulation, and western blotting was performed by the indicated antibodies. 
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Representative images from 5 independent experiments are shown. (Quantification data 

was shown in Fig. S7.) (K) BMDMs were treated with indicated mutants and inhibitors 

as described above, and mtROS production was detected by MitoNeoD as described in 

the Methods. The applied statistical tests, sample number, and results in all figures are 

summarized in Table S3. Mean±SD, **P<0.01.
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Figure 6. NRF2 K518 SUMOylation mediated by ERK5 S496 phosphorylation inhibits NRF2 
transcriptional activity and subsequent SASP induction in vitro.
(A) BMDMs were transfected with the ERK5 WT, ERK5 S496A, or ERK5b plasmid, 
and ARE luciferase reporter and the constitutively expressing Renilla luciferase vector. 
After 16 hours of transfection, cells were pretreated with AX15836 for 1 hour and then 
treated with ox-LDL (10 μg/ml) or vehicle. After 12 hours, ARE transcriptional activity 
was measured as described in the Methods. (B) The scheme of NRF2 SUMOylation 
sites and DNA binding sites. (C) WT BMDMs and ERK5 S496A KI BMDMs were 
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incubated with oxLDL or vehicle. After 0 or 30 min of oxLDL incubation, cell lysates 
were immunoprecipitated with anti-NRF2 or IgG control and immunoblotted with 
SUMO2/3 antibody. (D) BMDMs were transfected with GFP-tagged NRF2 K518R 
mutant or GFP tag plasmid. After 0 or 30 min of oxLDL incubation, cell lysates 
were immunoprecipitated with anti-NRF2 or IgG control and immunoblotted with 
SUMO2/3 antibody. The lower graphs represent densitometry data from 5 independent 
gels, one of which is shown in C and D. (E) WT BMDMs were transfected with 
NRF K518R mutant or NRF2 WT, the ARE luciferase reporter, and the constitutively 
expressing Renilla luciferase vector for 16 hours. Cells were treated with oxLDL (10 
μg/mL) or vehicle, and 6 hours later, NRF2 transcriptional activity was measured 
as described in Methods. (F) WT BMDMs were transfected with NRF2 or control 
siRNA, and after 48 hours of transfection, mtROS levels were detected by MitoNeoD 
as described in Methods. Cells treated with oxLDL or vehicle were assayed 12 hours 
later. (G) The percentages of cells positive for SA β-gal staining are shown. More than 
200 cells/sample were counted. (H) NF-κB transcriptional activity was measured as 
described in Fig. 1M in BMDMs transfected with NRF2 K518R mutant or wild type 
after 24 hrs of oxLDL or vehicle treatment. (I) BMDMs were incubated with oxLDL or 
vehicle after NRF2 K518R mutant or wild-type transfection. After 24 hours of oxLDL 
incubation, pHrodo-positive cells were quantified. (J) BMDMs transfected with NRF2 
K518R mutant or wild type were treated with oxLDL (10 μg/mL) or vehicle. After 0-24 
hours, Western blotting was performed with the indicated antibodies. Representative 
images from 5 independent experiments are shown. (Quantification was shown in 
Fig. S8C). The applied statistical tests, sample number, and results in all figures are 
summarized in Table S3. All data are expressed as mean±SD, **P<0.01, *P<0.05.

Abe et al. Page 35

Circ Res. Author manuscript; available in PMC 2024 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. ERK5 S496 phosphorylation and NRF2 K518 SUMOylation mediate mitochondrial 
dysfunction in vitro.
(A-F) WT BMDMs and ERK5 S496A KI BMDMs and (G-L) BMDMs transfected with 

NRF2 K518R and control plasmid, incubated with oxLDL (10 μg/mL) or vehicle. These 

cells were then seeded on Seahorse plates. After 24 hours, OXPHOS and glycolysis 

parameters were measured. During extracellular flux analysis, cells were sequentially treated 

with (A, G) oligomycin (OM), carbonyl cyanide 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, mt ATP production, 

maximal respiration, and spare respiratory capacity were calculated and plotted as oxygen 

consumption rates in pmoles/minutes. (C, I) Glucose (GLUC), OM, and 2-deoxyglucose 
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(2-DG) were used to determine glycolysis parameters from extracellular acidification rates. 

(D, J) Glycolysis, glycolytic reserve, glycolytic capacity, and non-glycolytic acidification 

were calculated and plotted as the extracellular acidification rate in mpH/minutes. ATP (E, 
K) and NAD+ (F, L) were measured after 24 hrs of oxLDL (10 μg/mL) or vehicle treatment 

in WT BMDMs and ERK5 S496A KI BMDMs. (M) Proposed model of HC-mediated MC 

reprogramming to SASP/SAS by ERK5 S496 phosphorylation. The applied statistical tests, 

sample number, and results in all figures are summarized in Table S3. All data except A, 

C, G, and I are expressed as mean±SD, and others are expressed as mean±SEM, **P<0.01, 

*P<0.05.
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