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Population aging and age-related cardiovascular disease (CVD) are becoming increasingly prevalent worldwide, generating a huge medical and socioeconomic burden. The complex regulation of aging and CVD and the interaction between these processes are crucially dependent on cellular stress responses. Interferon-stimulated gene-15 (ISG15) encodes a ubiquitin-like protein expressed in many vertebrate cell types that can be found both free and conjugated to lysine residues of target proteins via a post-translational process termed ISGylation. Deconjugation of ISG15 (deISGylation) is catalyzed by the ubiquitin-specific peptidase 18 (USP18). The ISG15 pathway has mostly been studied in the context of viral and bacterial infections and in cancer. This minireview summarizes current knowledge on the role of ISG15 in age-related telomere shortening, genomic instability, and DNA damage accumulation, as well as in hypertension, diabetes, and obesity, major CVD risk factors prevalent in the elderly population.
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1 INTRODUCTION
Interferon-stimulated gene-15 (ISG15) encodes a ubiquitin-like protein expressed in many vertebrate cell types, including monocytes, lymphocytes, neutrophils, dendritic cells, natural killer (NK) cells, epithelial-derived cell lines, fibroblasts, vascular smooth muscle cells, endothelial cells, cardiomyocytes, and some tumor cells (Knight and Cordova, 1991; Zhang and Zhang, 2011; Colonne et al., 2011; Bogunovic et al., 2012; Rahnefeld et al., 2014; Tecalco Cruz and Mejia-Barreto, 2017; Albert et al., 2018; Gonzalez-Amor et al., 2022). Initially produced as a 17 kDa precursor, mature ISG15 is a 15 kDa protein with two ubiquitin-like domains: an N-terminal regulatory domain and a C-terminal conjugating domain (Chang et al., 2008) (Figure 1). ISG15 can be found as a free intracellular or extracellular protein or conjugated to target proteins through a reversible post-translational modification called ISGylation. Similar to ubiquitination, ISGylation of de novo synthesized proteins requires ATP-dependent ISG15 conjugation to lysine residues mediated by an enzymatic process involving E1 activating enzyme (UBE1L), E2 conjugating enzyme (UBE2L6), and E3 ligases (HERC5, EFP, HHARI) (Zhang and Zhang, 2011; Durfee and Huibregtse, 2012; Albert et al., 2018). Deconjugation of ISG15 (deISGylation) is catalyzed by the ubiquitin specific peptidase 18 (USP18) (Honke et al., 2016) (Figure 1). ISG15 and the enzymes involved in ISGylation are induced by several interferons (IFNs), mainly type I (IFNα and β) but also type II (IFNγ) and type III (IFNλ), as well as in response to tumor necrosis factor α (TNFα), lipopolysaccharides, and several infectious pathogens (Levy et al., 1990; Jeon et al., 2010; Zhang and Zhang, 2011; Chairatvit et al., 2012; MacParland et al., 2016; Albert et al., 2018; Lertsooksawat et al., 2019) (Figure 1). In addition, a feedback loop operates in humans where ISG15 stabilizes USP18, so that intracellular ISG15 deficiency provokes USP18 downregulation (Basters et al., 2018). Remarkably, USP18 can counteract type I IFN-induced responses by a mechanism independent of deISGylation which is mediated by the interaction of USP18 with type I IFN receptor, which in turn inhibits JAK-STAT-dependent signaling (Basters et al., 2018).
[image: Figure 1]FIGURE 1 | ISG15-mediated protein ISGylation. ISG15 is produced as a 17-kDa precursor with two ubiquitin-like domains in response to diverse stimuli, including interferons (IFNs), tumor necrosis factor α (TNFα), lipopolysaccharides, and several pathogens. Intracellular ISG15 exists either as a free protein or conjugated to de novo synthesized proteins through ISGylation. This post-translational process can be reversed by the action of ubiquitin specific peptidase 18 (USP18), a protease that also regulates IFN-mediated signaling. Free intracellular ISG15 can be secreted to act as a cytokine, causing the release of IFNγ and interleukin 10 (IL-10). Extracellular ISG15 can form dimers and multimers that modulate cytokine levels. Some illustrations were created using BioRender.com.
Intracellular ISG15 and ISGylation have been extensively studied in the context of viral and bacterial infections. In this context, they generally play a protective role, either directly, by counteracting pathogen activities such as cell entry, nucleic acid trafficking, viral replication and integration, and cell release, or indirectly, by regulating immune-cell IFN production (Kunzi and Pitha, 1996; Yuan and Krug, 2001; Lenschow et al., 2007; Guerra et al., 2008; Hsiang et al., 2009; Villarroya-Beltri et al., 2017). Surprisingly, humans with ISG15 deficiency do not show increased susceptibility to viral infection, possibly due to concomitant reduction of USP18 expression and USP18-dependent negative regulation of IFN-dependent signaling (Speer et al., 2016). Higher expression of ISG15 was found in female than in male HIV-1-infected patients (Chang et al., 2013), however we are unaware of any work reporting gender-dependent differences in ISG15 expression in basal conditions.
Extracellular ISG15 binds to surface receptors such as leukocyte-function associated antigen-1 on various cell types (neutrophils, monocytes, T lymphocytes, NK cells, dendritic cells, and peripheral blood mononuclear cells (PBMCs)), where it triggers the release of interleukins, including IFNγ (Dos Santos and Mansur, 2017; Ostvik et al., 2020) (Figure 1). Interestingly, individuals deficient for secreted, extracellular ISG15 are more susceptible to mycobacterial infection as a result of defective immune responses caused by reduced immune-cell IFN production (Bogunovic et al., 2012).
ISGylation also regulates key cellular processes involved in stress responses, such as proteasomal degradation of misfolded proteins, modulation of autophagy-dependent and lysosome-dependent degradation, downregulation of protein translation, inhibition of exosome secretion, attenuation of hypoxia, and modulation of cytoskeletal dynamics (Villarroya-Beltri et al., 2017; Dzimianski et al., 2019; Sandy et al., 2020) Due to these broad functions, it is unsurprising that ISG15 plays an important role in age-related diseases, including cancer (Zhang and Zhang, 2011), hypertension (Gonzalez-Amor et al., 2022), diabetes (Sun et al., 2019), and obesity (Wei et al., 2021; Yan et al., 2021) (see below).
Aging is a universal, inevitable, and multifactorial degenerative process associated with disability and increased risk of death due to major chronic diseases, including cardiovascular disease (CVD), the leading cause of morbimortality worldwide (Yazdanyar and Newman, 2009; Hamczyk et al., 2018; Galkin et al., 2019). Population aging and CVD prevalence have increased rapidly over the past decades in developed countries and in much of the developing world, creating an enormous medical and socioeconomic burden worldwide. The pace of biological aging (also called functional aging, denoting the decline over time in tissue and organismal function) is influenced by genetic and environmental factors (Hamczyk et al., 2020). Age-related deterioration has been proposed to result from genetic and molecular processes called “hallmarks of aging”, which include genomic instability, telomere attrition, epigenetic alterations, impaired proteostasis, dysregulated nutrient sensing, mitochondrial dysfunction, cell senescence, stem cell exhaustion, and altered intercellular communication (Lopez-Otin et al., 2013). This review discusses studies that link ISG15 to age-related telomere shortening, genomic instability, DNA damage accumulation, and three key CVD risk factors hypertension, diabetes, and obesity.
2 ISG15 AND AGE-ASSOCIATED TELOMERE ATTRITION
Preservation of genome stability and integrity in eukaryotes requires functional telomeres. These specialized structures located at both chromosome ends contain multiple non-coding double-stranded repeats of a G-rich DNA sequence that ends in a short single-stranded sequence (Hoffmann et al., 2021). Cells in culture can divide until they reach the Hayflick limit, when they enter in a non-replicative state called senescence/mortality stage 1 (normal cells) or crisis/mortality stage 2 (cells expressing oncogenes) (Hayflick and Moorhead, 1961; Hayflick, 1965; Wei and Sedivy, 1999). Cellular aging and related growth arrest are associated with telomere attrition, chromosomal end-to-end fusions, and apoptosis and senescence when telomere length drops below a critical threshold; however, the order of events and whether telomere ablation is cause or consequence of the age-related alterations remains controversial (Hoffmann et al., 2021).
Telomere attrition can regulate gene expression long before the induction of cell-cycle arrest and DNA damage signaling by critically short telomeres (Robin et al., 2014). Genes in close proximity to telomeres are frequently silenced, a phenomenon known as the “telomere position effect”. In addition, loops formed by long telomeres can interact with and silence genes located as far as 10 Mb from the telomere ends, known as the “telomere position effect over long distances”. Upon telomere attrition, these loops become smaller and cover shorter chromosomal distances. Consequently, genes more distant from telomere ends become released from telomere-loop inhibition and can be expressed (Robin et al., 2014). ISG15 is located 1 Mb from the end of human chromosome 1p and was the first human gene reported to progressively increase its transcription with the loss of telomere looping upon telomere attrition (Lou et al., 2009; Zhang et al., 2021). This analysis showed that the number of interactions between the ISG15 locus and the chromosome 1p telomere structure is much higher in young cells than in old ones (Zhang et al., 2021). Free ISG15 expression and ISGylation both increase with telomere shortening in human cells independently of the expression of type I IFNs and of the transcription factor p53 (Lou et al., 2009). Moreover, independently of the telomere position effect, short and/or dysfunctional telomeres can lead to different cellular fates by activating the cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) pathway, which engages the autophagy machinery and leads to ISG15 expression and other IFN-stimulated genes (Nassour et al., 2019; Nassour et al., 2023). In patients with COVID-19, the cGAS-STING pathway is also a critical driver of pathological type I IFN responses, which are associated with upregulation of ISG15 and several pro-inflammatory cytokines in skin biopsies (Domizio et al., 2022).
This regulation of ISG15 expression may therefore promote tumor suppression before additional mechanisms of DNA repair are triggered, and impaired ISG15 upregulation due to telomere ablation could contribute to the initiation and progression of age-associated diseases (Lou et al., 2009; Robin et al., 2014).
3 ISG15 IN THE AGE-ASSOCIATED DNA DAMAGE RESPONSE (DDR): P53 AND PTEN
During both physiological and premature aging, the accumulation of senescent cells and the onset of age-related disorders are driven by genomic instability provoked by the cumulative action of endogenous and environmental factors and a defective DDR (Liu et al., 2005; Varela et al., 2005; Schumacher et al., 2008; Hoeijmakers, 2009; Cheedipudi et al., 2019; Chen et al., 2019; Wei and Ji, 2018; Di Micco et al., 2021; Schumacher et al., 2021; von Zglinicki et al., 2021). The role of ISG15 and ISGylation in the DDR has mostly been studied in the context of cancer. The ISG15/ISGylation system can be oncogenic or have tumor suppressor activity depending on the tissue affected, cancer stage, and specific cancer-related alterations in signalling pathways (Han et al., 2018; Kang et al., 2022). This complexity might be related to the cross-regulation between ISG15 and key tumor suppressors. One of the few identified and validated ISG15 substrates is the tumor suppressor p53, a pivotal transcription factor that coordinates the expression of many DDR effector genes that induce cell-cycle arrest, DNA repair, autophagy, senescence, and apoptosis (Sandy et al., 2020; Luo et al., 2022). ISG15 and p53 modulate each other at several levels. ISG15 and the ISGylation enzymes UBE1L (E1), UBE2L6 (E2), and EFP (E3) each have a p53-responsive element in their promoters, so their expression increases upon p53 activation (Park et al., 2016). Moreover, DNA damage induces the ISGylation of p53, increasing the transcription of target genes such as CDK1, BAX, and MDM2, as well as that of ISG15 and ISGylation factors (Park et al., 2016). ISGylation increases p53 activity and reduces the inhibitory activity of ΔNp63α (an alternative splice variant of the p53 family protein p63 that suppresses the trans-activity of other p53 family members), thus promoting cell growth arrest and tumor suppression (Jeon et al., 2012; Park et al., 2016). However, misfolded p53 can undergo proteasomal degradation upon ISGylation mediated by the ISG15 E3 ubiquitin ligase HERC5, and ISG15 deletion in normal cells causes accumulation of misfolded p53 and inhibits p53 activity (Huang et al., 2014). ISG15 and ISGylation therefore have potential as therapeutic targets for the fine-tuning of the p53-dependent DDR.
Another ISG15 substrate in the DDR pathway is the tumor suppressor phosphatase and tensin homolog (PTEN), which is lost in many cancer types (Lee et al., 2018; Alvarez-Garcia et al., 2019) and also plays important roles in diabetes (Li et al., 2017) and autism (Cummings et al., 2022). ISGylation reduces the cytoplasmic content of PTEN, while USP18-mediated deISGylation promotes PTEN protein stability and recovery of its cytoplasmic expression (Mustachio et al., 2017).
In summary, further studies are warranted to determine the role of ISG15/ISGylation in different cancer types, since its effect might be tumor suppressive or oncogenic depending on the context. Moreover, it is important to address the possible role of ISG15 pathway in the premature aging side effects triggered by anti-cancer therapies due to activation of DNA damage responses in healthy tissues.
4 ISG15 IN AGE-RELATED CARDIOVASCULAR AND CARDIOMETABOLIC DISEASES
Most evidence for a role of ISG15 in CVD is related to viral infection. ISG15 activation is associated with coxsackievirus B3-induced myocarditis in mice (Maier et al., 2012), and cardiomyocyte ISG15 expression contributes significantly to the suppression of viral replication (Rahnefeld et al., 2014). Moreover, ISG15 suppresses viral infection in human cardiomyocytes, and patients with viral cardiomyopathy show conjugated ISG15 induction in the myocardium (Rahnefeld et al., 2014). These findings suggest that ISG15 activation in cardiomyocytes plays an important role in the fight against infectious pathogens, thereby diminishing inflammatory cardiomyopathy, heart failure, and mortality (Rahnefeld et al., 2014). However, the expression of ISG15 pathway components and several inflammatory cytokines is upregulated by cardiomyocyte-specific IkB kinase/NFκB activation, leading to cardiomyopathy and heart failure (Maier et al., 2012). Viruses and viral products can either activate or inhibit the NFκB cascade by direct or indirect binding to IKK subunits to enhance viral replication, evade the innate immune system, and establish an infection (Amaya et al., 2014). In a myocarditis model, cardiac innate immunity is partly mediated by lncRNA metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) (Gast et al., 2016). In line with this finding, an analysis of apolipoprotein E-null mice with heterozygous MALAT1 deficiency revealed massive immune-system dysregulation and exaggerated atherosclerosis even when the mice were kept on a normal diet, and these features were associated with upregulated IFN signaling and Isg15 expression in splenocytes (Gast et al., 2019). Collectively, these results suggest that ISG15 expression can be both protective and deleterious for the cardiovascular system. In the following sections, we discuss studies that highlight an emerging role of the ISG15 pathway in hypertension, cardiac hypertrophy, diabetes, and obesity.
4.1 Hypertension and cardiac hypertrophy
Hypertension is a major risk factor for CVD, kidney disease, stroke, and diabetes (Fuchs and Whelton, 2020; Kim and Kim, 2022). Aging is associated with both hypertension and ISG15 activation. Although telomere length shows high interindividual variability, several population studies have shown an association between telomere ablation and hypertension (Fuster et al., 2007; Liu et al., 2019). For example, Demissie et al. demonstrated an association between hypertension and shorter leukocyte telomeres in men that appeared to be largely due to insulin resistance (Demissie et al., 2006), a disorder frequently associated with hypertension and age-associated diabetes (Saad et al., 2004; Sowers and Frohlich, 2004). Moreover, age-associated oxidative stress and chronic inflammation both contribute to telomere attrition and hypertension (Liu et al., 2019; Gavia-Garcia et al., 2021). However, these studies do not address whether telomere shortening is a cause or a consequence of hypertension.
A recent study of the ISG15 pathway in vascular pathophysiology found that Isg15 expression is increased in the aortas of hypertensive animals and in angiotensin II-treated vascular cells and macrophages (Gonzalez-Amor et al., 2022). The same study found that ISG15 expression in human peripheral blood mononuclear cells positively correlated with systolic and diastolic blood pressure and with carotid intima-media thickness and also found elevated ISG15 expression in human and mouse abdominal aortic aneurysms (Gonzalez-Amor et al., 2022). Moreover, Isg15-null mice were found to be protected against angiotensin II-induced hypertension, elastin remodeling, vascular stiffness, endothelial dysfunction, and expression of inflammatory and oxidative stress markers (Gonzalez-Amor et al., 2022). Conversely, excessive ISGylation in USP18C61A mice was associated with enhanced angiotensin II-induced hypertension, vascular fibrosis, inflammation, generation of reactive oxygen species (ROS), elastin breaks, and aortic dilation and rupture (Gonzalez-Amor et al., 2022). Importantly, treatment of angiotensin II-infused USP18C61A mice with the antioxidant tempol improved survival and reduced aneurysm formation and vascular remodeling (Gonzalez-Amor et al., 2022).
Hypertension is frequently associated with cardiac dilation and hypertrophy, and USP18 expression was found to be high both in dilated human hearts and in hypertrophic mice (Ying et al., 2016). USP18-null mice subjected to hypertrophic stimuli underwent exacerbated cardiac remodeling, and, conversely, cardiomyocyte-specific USP18 overexpression abrogated cardiac remodeling and dysfunction under the same pathological stimuli, a protective effect that was associated with inhibition of the transforming growth factor-β–activated kinase 1-p38/c-Jun N-terminal kinase 1/2 signaling cascade (Ying et al., 2016).
4.2 Type 2 diabetes mellitus (T2DM) and obesity
T2DM is considered a conventional risk factor for CVD and is associated with aging, obesity, hypertension, and hypercholesterolemia (Martin-Timon et al., 2014; Strain and Paldanius, 2018). Human studies have shown a positive correlation between plasma glucose, obesity, and Isg15 mRNA levels in peripheral blood mononuclear cells (Gonzalez-Amor et al., 2022). Moreover, mice fed a high-fat diet (HFD) show increased aortic mRNA expression of Isg15 and other inflammatory genes such as Ccl2, Il1b, and Tnfa (Ballesteros-Martinez et al., 2022). Using GEO data base query and related online analytical tools, Sun et al. identified ISG15 amongst five genes that were related to both T2M and ovarian cancer, and found that ISG15 expression in ovarian cancer biopsies significantly correlated with patient’s survival time (Sun et al., 2019). The authors concluded that genes and proteins involved in glycometabolism are related to ovarian cancer and may serve as potential therapeutic targets. In another study, the innate immune transcription factor IRF3 was shown to strongly repress thermogenic gene expression and oxygen consumption in adipocytes by upregulating ISG15, which ISGylates several glycolytic enzymes, thus decreasing their function and reducing lactate production (Yan et al., 2021). Moreover, Isg15-null mice had elevated energy expenditure and developed resistance to diet-induced obesity, which was attributed to lack of ISGylation of glycolytic enzymes in adipocytes (Yan et al., 2021).
A recent study demonstrated elevated expression of the ubiquitin/ISG15-conjugating enzyme UBE2L6 in white adipose tissue from obese mice and humans; moreover, HFD-fed mice with adipose tissue-specific Ube2l6 ablation had a reduced content of subcutaneous and visceral white adipose tissue, as well as attenuated glucose intolerance, insulin resistance, compensatory hyperinsulinemia, hypercholesterolemia, and hepatic steatosis (Wei et al., 2021). These effects of adipocyte-specific Ube2l6 were associated with the stabilization of adipose triglyceride lipase (Atgl) (Wei et al., 2021).
5 DISCUSSION
The world population is aging rapidly, and age is the main risk factor for CVD. Consequently, CVD is the main cause of death in developed societies, where it presents a huge medical and socioeconomic burden. It is therefore of unparalleled importance to understand the cellular and molecular mechanisms governing aging and age-associated CVD. In this review, we have discussed studies that highlight a role of ISG15 as a key element in aging and age-associated CVD beyond its classical roles in the defense against pathogens and as a tumor suppressor. Accumulating evidence links ISG15 to well-characterized aging processes that play major roles in cellular stress responses, such DNA damage, defective DDR, telomere attrition, ROS production, and inflammation, as well as some CVD risk factors (Figure 2). Although targeting ISG15, USP18, and UBE2L6 has the potential to alleviate hypertension, T2DM, and age-associated cardiomyopathies, we are still a long way from understanding the specific consequences of ISGylation on validated substrates (Zhao et al., 2005) and how ISGylation is regulated in a context-specific manner, knowledge that will be essential for the development of ISGylation-targeted therapies.
[image: Figure 2]FIGURE 2 | ISG15 in longevity and age-related cardiovascular disease. ISG15 is associated with several processes involved in aging and age-related cardiovascular disease, including increased genomic DNA damage, telomere shortening, hypertension, type II diabetes, and obesity. ROS, reactive oxygen species. Some illustrations were created using BioRender.com.
ISG15 is induced by IFNs and TNFα and can therefore be considered a pro-inflammatory gene. Chronic inflammation and accompanying oxidative stress are thought to contribute to different forms of age-associated CVD (Kofler et al., 2005; Vicenova et al., 2009; Karbach et al., 2014). However, the use of anti-inflammatory drugs or antioxidants to ameliorate CVD has yet to yield conclusive results (Mangge et al., 2014; Kosmas et al., 2019; Mirmiran et al., 2022). For example, treatment with anti-TNFα antibody (infliximab, ATTACH trial) or a soluble TNF receptor (etanercept, RECOVER and RENAISSANCE trials) has shown no effect or even deleterious effects in patients with heart failure (Coletta et al., 2002; Chung et al., 2003). In contrast, treatment of myocardial infarction patients with anti-interleukin-1β antibody (Canakinumab, CANTOS) produced a significant reduction in cardiovascular event rates without changing lipid levels, blood pressure, or incident hypertension (Ridker et al., 2017; Rothman et al., 2020). Future studies should explore the potential benefit of therapies targeting ISG15 and other ISGylation factors as a way to break the vicious cycle of ROS production and inflammation that leads to CVD. However, it may prove difficult to avoid undesired collateral effects of targeting ISG15. Several layers of difficulty are likely to impinge on any therapy targeting ISG15, given its multiple substrates and cellular functions (including pathogen defense and tumor suppression), its context-specific effects, and the complexity of the pro-inflammatory pathways in which it participates. Despite these challenges, further research on ISG15 regulation and functions are likely to shed light on the mechanisms that drive aging and age-associated CVD.
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