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Abstract 21 

Significance: KRIT1 (Krev interaction trapped 1) is a scaffolding protein that plays a critical role in 22 

vascular morphogenesis and homeostasis. Its loss-of-function has been unequivocally associated with 23 

the pathogenesis of Cerebral Cavernous Malformation (CCM), a major cerebrovascular disease of 24 

genetic origin characterized by defective endothelial cell-cell adhesion and ensuing structural 25 

alterations and hyperpermeability in brain capillaries. KRIT1 contributes to the maintenance of 26 

endothelial barrier function by stabilizing the integrity of adherens junctions and inhibiting the 27 

formation of actin stress fibers. 28 

Recent Advances: Among multiple regulatory mechanisms proposed so far, significant evidence 29 

accumulated over the last decade has clearly shown that the role of KRIT1 in the stability of 30 

endothelial barriers, including the blood-brain barrier, is largely based on its involvement in the 31 

complex machinery governing cellular redox homeostasis and responses to oxidative stress and 32 

inflammation. KRIT1 loss-of-function has indeed been demonstrated to cause an impairment of major 33 

redox-sensitive mechanisms involved in spatiotemporal regulation of cell adhesion and signaling, 34 

which ultimately leads to decreased cell-cell junction stability and enhanced sensitivity to oxidative 35 

stress and inflammation. 36 

Critical Issues: This review explores redox mechanisms that influence endothelial cell adhesion and 37 

barrier function, focusing on the role of KRIT1 in such mechanisms. We propose that this supports a 38 

novel model wherein redox signaling forms the common link between the various pathogenetic 39 

mechanisms and therapeutic approaches hitherto associated with CCM disease. 40 

Future Directions: A comprehensive characterization of the role of KRIT1 in redox control of 41 

endothelial barrier physiology and defense against oxy-inflammatory insults will provide valuable 42 

insights into the development of precision medicine strategies. 43 

  44 



1. Introduction 45 

KRIT1 (Krev interaction trapped 1) is a ubiquitous scaffolding protein with several emergent 46 

functions and a critical role in vascular morphogenesis and homeostasis. It was originally identified 47 

in 1997 in a yeast two-hybrid screening for proteins interacting with Rap1, a small GTPase of the Ras 48 

family abundantly expressed in the mammalian brain and known also as Kirsten-ras-revertant 1 49 

(Krev-1) (Serebriiskii et al. 1997). Loss-of-function mutations of the KRIT1 gene were subsequently 50 

discovered to underlie the pathogenesis of Cerebral Cavernous Malformation (CCM), a vascular 51 

disease affecting 0,3-0,5% of the population worldwide and characterized by defective endothelial 52 

junctions and the formation of abnormally enlarged and leaky capillary channels (caverns), which are 53 

referred to as CCM lesions (Laberge-le Couteulx et al. 1999, Sahoo et al. 1999). These can be 54 

effectively detected by magnetic resonance imaging (MRI) techniques (Mabray and Hart 2020) 55 

(Figure 1), and occur primarily in the central nervous system (CNS), where they can remain 56 

asymptomatic throughout the entire lifetime or unpredictably give rise to various clinical symptoms 57 

at any age, ranging from recurrent headaches to seizures, focal neurological deficits, and fatal 58 

intracerebral hemorrhage (ICH) (Clatterbuck et al. 2001, Batra et al. 2009, Rigamonti 2011, 59 

Fontanella 2015). 60 

Within the brain, CCM lesions develop as a result of structural and functional alterations of the 61 

neurovascular unit (NVU), a complex multicellular entity composed of capillary endothelial cells 62 

surrounded by basal lamina, pericytes, and endfeet of perivascular astrocytes, which are intimately 63 

linked and cooperate to form the blood-brain barrier (BBB) and respond to changes in local 64 

microcirculation and metabolism (Abbott et al. 2006). In fact, brain CCM lesions are lined by a thin 65 

endothelium surrounded by an abnormal basal lamina and devoid of normal NVU structural 66 

components, such as pericytes and astrocyte foot processes (Clatterbuck et al. 2001), and may present 67 

with BBB disruption and oxy-inflammatory responses (Figure 1). They may occur as single or 68 

multiple lesions (even hundreds), ranging in size from a few millimeters to a few centimeters. Besides 69 

the CNS, CCM lesions have been found also in other organs, including skin, bone, eyes, and liver; 70 

however, there is not yet clear evidence of CCM specific symptoms or signs in such organs (Drigo et 71 

al. 1994, Toldo et al. 2009, Mabray and Hart 2020, Hart et al. 2021). 72 

CCM disease is of proven genetic origin and may occur in both sporadic (sCCM) and familial 73 

(fCCM) forms, which account for about 70% and 30% of all CCM cases and are often characterized 74 

by single and multiple lesions, respectively. The familial form is inherited as an autosomal dominant 75 

condition with incomplete penetrance and highly variable expressivity, suggesting the involvement 76 

of both primary and secondary determinants of pathogenesis (Trapani and Retta 2015, Perrelli and 77 

Retta 2021). Besides KRIT1 (also known as CCM1), whose mutations account for more than 50% of 78 



the fCCM cases, CCM disease has been associated with mutations in other two genes, CCM2 and 79 

PDCD10 (also known as CCM3), which account for about 20% and 10% of the fCCM cases, 80 

respectively. However, up to 20% of fCCM cases could not be attributable to mutations in the three 81 

known CCM genes, suggesting the existence of yet unidentified causative genes or other unknown 82 

causes (Choquet et al. 2015, Tournier-Lasserve 2020). Consistently, using a next-generation-83 

sequencing (NGS) approach, we have recently identified germline variants in NOTCH3 and PTEN 84 

(phosphatase and tensin homolog deleted on chromosome 10) genes in fCCM cases devoid of 85 

mutations in known CCM genes, suggesting their potential involvement in CCM disease pathogenesis 86 

(Benedetti et al. 2022). Moreover, recent high-throughput sequencing analyses of surgical CCM 87 

specimens from patients affected by the sporadic form of CCM disease have led to the breakthrough 88 

discovery that mutations in the three known CCM genes are rarely present in sCCM lesions. Instead, 89 

these lesions are most frequently characterized by somatic mutations in genes implicated in the 90 

phosphoinositide 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) pathways, including 91 

PIK3CA and MAP3K3, which cause clinically indistinguishable phenotypes (Peyre et al. 2021, Weng 92 

et al. 2021, Hong et al. 2021), suggesting that the genetic basis of CCM disease can be more complex 93 

than previously thought. 94 

Over the last decade there has been significant progress in understanding the structure and 95 

functions of proteins encoded by CCM1, CCM2 and CCM3 genes, providing useful insights into 96 

molecular mechanisms of CCM disease pathogenesis and the development of therapeutic approaches. 97 

In particular, the CCM1/KRIT1 gene encodes for a 736 amino-acid protein containing distinct 98 

structural units, including a Nudix domain and three NPxY/F motifs at the N-terminus, four central 99 

ankyrin repeats, and a C-terminal clover-shaped FERM (band 4.1, ezrin, radixin, and moesin) domain 100 

(Fisher et al. 2020), which play fundamental roles in regulating KRIT1 molecular interactions, 101 

subcellular localizations, and functions (Francalanci et al. 2009, Fisher and Boggon 2014, De Luca 102 

et al. 2021) (Figure 2). In fact, these structural units form multiple protein binding sites, which have 103 

been implicated both in head-to-tail intramolecular interactions (Francalanci et al. 2009) and in 104 

intermolecular interactions with various binding partners, such as integrin cytoplasmic domain-105 

associated protein-1 (ICAP1) (Zhang et al. 2001, Zawistowski et al. 2002), CCM2 (Zawistowski et 106 

al. 2005), Nd-1 (Guazzi et al. 2012), sorting nexin 17 (SNX17) (Czubayko et al. 2006), heart of glass 107 

1 (HEG1) (Kleaveland et al. 2009), and Rap1 (Serebriiskii et al. 1997, Li et al. 2012). In turn, these 108 

multiple molecular interactions influence KRIT1 shuttling between distinct subcellular locations, 109 

including plasma membrane, cytoplasm and nucleus, suggesting that KRIT1 may act as a scaffold 110 

protein in different cellular compartments to control specificity, coordination, and branching in 111 

signaling pathways (Francalanci et al. 2009, Liu et al. 2011, Draheim et al. 2017, De Luca et al. 2021). 112 



Consistent with a crucial role of KRIT1 in the regulation of endothelial cell adhesion, its loss-113 

of-function affects major cell structures and molecular mechanisms involved in the formation and 114 

stability of cell–cell and cell‒matrix junctions, including both cadherin- and integrin-mediated 115 

adhesions and actin cytoskeleton dynamics, which are required for the maintenance of endothelial 116 

barriers, such as the BBB (Glading et al. 2007, Glading and Ginsberg 2010, Stockton et al. 2010, Liu 117 

et al. 2011, Liu et al. 2013, Maddaluno et al. 2013, Faurobert et al. 2013, Macek Jilkova et al. 2014, 118 

Renz et al. 2015) (Figure 3 and Table 1). Accordingly, two established binding partners of KRIT1, 119 

Rap1 and ICAP1, were independently shown to exert a major role in the regulation of cell–cell and 120 

cell‒matrix adhesions. The small GTPase Rap1 is crucially involved in the adhesive functions of both 121 

cadherins and integrins (Bos 2005, Boettner and Van Aelst 2009) and plays a pivotal role in their 122 

functional crosstalk (Balzac et al. 2005, Retta et al. 2006), whereas ICAP1 regulates β1 integrin-123 

mediated adhesion and signaling (Degani et al. 2002, Bouvard et al. 2003). 124 

On the other hand, data accumulated over the last decade have clearly shown that KRIT1 also 125 

plays an important role in key mechanisms involved in cellular redox homeostasis and defense against 126 

oxidative stress and inflammation, including reactive oxygen species (ROS) production and 127 

scavenging, autophagy, and antioxidant signaling, suggesting that its loss-of-function causes 128 

pleiotropic downstream effects by affecting such primary mechanisms (Goitre et al. 2010, Goitre et 129 

al. 2014, Marchi et al. 2015, Marchi et al. 2016a, Retta and Glading 2016, Marchi et al. 2016b, Goitre 130 

et al. 2017, Antognelli et al. 2018b, Antognelli et al. 2018a, Cianfruglia et al. 2019, Antognelli et al. 131 

2020, Retta et al. 2020, Perrelli et al. 2021). In particular, a seminal paper published in 2010 showed 132 

that loss-of-function of KRIT1 led to an increase in intracellular ROS levels and an enhanced cell 133 

susceptibility to oxidative stress-mediated molecular and cellular dysfunctions (Goitre et al. 2010). 134 

Moreover, these effects were shown to be associated with decreased mitochondrial energy 135 

metabolism, activation of the PI3K/Akt signaling pathway, and downregulation of the transcription 136 

factor FoxO1 and some of its downstream targets, such as the antioxidant enzyme superoxide 137 

dismutase 2 (SOD2) (Goitre et al. 2010). Subsequent findings demonstrated that KRIT1 loss-of-138 

function induces pro-oxidant and pro-inflammatory signaling pathways and mechanisms (Retta and 139 

Glading 2016, Retta et al. 2020), including upregulation of the redox-sensitive JNK/c-Jun/COX-2 140 

axis (Goitre et al. 2014) and the NADPH oxidase/ROS/NF-κB cascade (Goitre et al. 2017). 141 

Furthermore, it was discovered that loss of KRIT1 activates the mechanistic target of rapamycin 142 

(mTOR) serine/threonine kinase and consequently downregulates autophagy, an essential cellular 143 

antioxidant system (Marchi et al. 2015, Marchi et al. 2016a, Marchi et al. 2016b) (Table 1). In turn, 144 

these molecular alterations were shown to impair microvessel barrier function and exacerbate 145 

vascular permeability triggered by inflammatory stimuli (Marchi et al. 2015, Goitre et al. 2017). More 146 



recently, it has been shown that KRIT1 loss-of-function causes a chronic upregulation of NRF2 147 

(nuclear factor E2-related factor 2), the master transcriptional regulator of antioxidant and 148 

cytoprotective responses (Antognelli et al. 2018b, Antognelli et al. 2018a), as well as an increased S-149 

glutathionylation of redox-sensitive proteins (Cianfruglia et al. 2019) (Table 1). These data suggest 150 

the presence of multiple redox-dependent mechanisms that contribute to CCM disease pathogenesis 151 

(Antognelli et al. 2020, Retta et al. 2020). Accordingly, both hyperactivation of NRF2-mediated 152 

adaptive responses and perturbations in protein S-glutathionylation contribute to the etiology of 153 

chronic cardiovascular disorders (Vomund et al. 2017, Musaogullari and Chai 2020). Conversely, as 154 

a proof of concept of their redox dependence, the pathological phenotypes induced by KRIT1 loss-155 

of-function could be rescued by the administration of either pro-autophagic drugs, such as the mTOR 156 

inhibitors rapamycin and torin 1 (Marchi et al. 2015, De Luca et al. 2018), or antioxidant compounds, 157 

including N-acetylcysteine (NAC), recombinant yeast avenanthramide (YAv) and tiron (Goitre et al. 158 

2010, Goitre et al. 2014, Moglia et al. 2015, Goitre et al. 2017, Antognelli et al. 2018b, Antognelli et 159 

al. 2018a) (Table 2). 160 

Overall, there is now compelling evidence that KRIT1 deficiency exerts pleiotropic effects in 161 

the vascular system by affecting key redox-sensitive molecular pathways and mechanisms that govern 162 

endothelial cell homeostasis and defenses against oxidative stress and inflammation, supporting a 163 

role for such pathways and mechanisms in the pathogenesis of CCM disease (Goitre et al. 2010, 164 

Goitre et al. 2014, Marchi et al. 2015, Marchi et al. 2016a, Antognelli et al. 2018b, Antognelli et al. 165 

2018a, Cianfruglia et al. 2019). Indeed, a long-term impairment of redox homeostasis and 166 

antioxidant/anti-inflammatory responses, and the consequent increased susceptibility to endothelial 167 

dysfunction and barrier destabilization triggered by oxy-inflammatory insults, may explain the 168 

current evidence from studies in animal models and patient cohorts that loss-of-function mutations 169 

of CCM genes are not completely penetrant and only predispose to the development of CCM lesions 170 

(Trapani and Retta 2015, Retta and Glading 2016, Choquet et al. 2016, Goitre et al. 2017, Vieceli 171 

Dalla Sega et al. 2019, Retta et al. 2020). Accordingly, recent discoveries demonstrate that the 172 

consequences of KRIT1 loss-of-function extend beyond CCM disease pathogenesis, being also 173 

implicated in aortic endothelial dysfunction and atherosclerosis (Vieceli Dalla Sega et al. 2019), as 174 

well as in epithelial barrier dysfunction in the gastrointestinal tract (Wang et al. 2019). Furthermore, 175 

these findings and interpretations have been supported and complemented by the identification of 176 

genetic modifiers and risk factors associated with interindividual differences in susceptibility to CCM 177 

disease onset and severity, which opened up new perspectives for risk stratification (Choquet et al. 178 

2016, Antognelli et al. 2020, Kim et al. 2020, Perrelli and Retta 2021, Flemming et al. 2020). 179 



Taken together, the great advancements in the understanding of KRIT1 physiopathological 180 

functions and implications in CCM disease pathogenesis and severity have provided useful insights 181 

into the identification of biomarkers of prognostic and predictive value, and the development of 182 

personalized medicine strategies, including innovative approaches based on targeted multifunctional 183 

nanocarriers (Gibson et al. 2015, Moglia et al. 2015, Marchi et al. 2016a, Moglianetti et al. 2016, 184 

Perrelli et al. 2018, De Luca et al. 2018, Retta et al. 2020, Perrelli et al. 2021, Flemming 2017). 185 

This review aims at providing a unifying scenario to the pleiotropic physiopathological 186 

functions of KRIT1, which have progressively emerged since its identification in 1999 as the major 187 

causative gene for CCM disease and exponentially expanded over the past two decades. Specifically, 188 

it provides a critical overview of the numerous and various biological functions and pathological 189 

effects to date attributed to the KRIT1 protein, highlighting the multiple lines of evidence that allow 190 

to contextualize them within the conceptual framework of redox biology, along with the plethora of 191 

putative pathogenetic mechanisms and therapeutic approaches so far associated with CCM disease. 192 

While we are aware that alternative interpretations of existing data are possible, we hope that 193 

any controversial issues raised by our suggestive redox-centered view of KRIT1-related 194 

physiopathological processes may inspire new ideas and give hints for further investigations, thereby 195 

serving as a harbinger of important innovations and significant long-term benefits in terms of moving 196 

the field forward to a clearer understanding. 197 

 198 

2. ROS metabolism and redox signaling in the vascular system 199 

This section summarizes the basic mechanisms underlying ROS metabolism and biological 200 

effects in the attempt to provide a general conceptual framework that may serve to better contextualize 201 

the growing evidence for an important role of KRIT1 in redox biology. For a comprehensive 202 

knowledge of the specific reactive species and oxidative modifications involved in cellular redox 203 

homeostasis and signaling, and more in general in cell biology and physiology, the readers are 204 

referred to the diverse excellent review papers cited in the text, including those by Sies et al. (Sies 205 

and Jones 2020, Sies et al. 2022). 206 

 207 

2.1 ROS metabolism 208 

ROS are a highly reactive group of oxygen-containing molecules that are generated either 209 

constitutively or in response to various stimuli by distinct enzymatic and nonenzymatic sources in all 210 

cells. They include free oxygen radicals, such as superoxide anion (O2
▪−) and hydroxyl radical (OH▪), 211 

and peroxides, such as hydrogen peroxide (H2O2) and lipid hydroperoxide (LOOH), as well as other 212 

oxygen-containing reactive species (Sies and Jones 2020, Taverne et al. 2013). O2
▪− is a key 213 



determinant of ROS physiopathological effects, being the precursor of most of the other major ROS 214 

found in biological systems. It can be dismutated to H2O2 and O2 either nonenzymatically or by three 215 

superoxide dismutase (SOD) enzymes located in distinct cellular compartments, including cytoplasm 216 

and nucleus (SOD1/CuZnSOD), mitochondria (SOD2/MnSOD), and extracellular matrix 217 

(SOD3/ecSOD) (Faraci and Didion 2004, Fukai and Ushio-Fukai 2011). Moreover, it may be 218 

converted to OH▪ by the Haber-Weiss reaction or to peroxynitrite (OONO−) by reacting with nitric 219 

oxide (NO•), a biologically important free radical. In turn, H2O2 can be either converted to OH▪ by 220 

the Fenton reaction, or reduced to H2O by specific antioxidant enzymes, including catalase, 221 

glutathione peroxidases (GPx), and peroxiredoxins (Prx) (Faraci and Didion 2004, Fukai and Ushio-222 

Fukai 2011). 223 

 224 

2.2 Intracellular sources of ROS 225 

Under physiological conditions the mitochondrial electron transport chain (ETC) is the major 226 

constitutive source of ROS, converting up to 5% of molecular O2 to O2
▪− as a byproduct of aerobic 227 

metabolism due to unavoidable electron leakage from the ETC (Turrens 2003), and eventually 228 

contributing to approximately 45% of net cellular O2
▪−/H2O2 production (Sies and Jones 2020). In 229 

particular, a total of 11 sites that produce O2
▪− and/or H2O2 as a consequence of electron leakage in 230 

the ETC have currently been identified in mammalian mitochondria (Brand 2016). These sites are 231 

located in the first three of the four ETC complexes (I, II, III, and IV) present in the inner 232 

mitochondrial membrane (IMM). The premature leak of electrons from them leads to one electron 233 

reduction of O2 to O2
•−, which can then be dismutated to H2O2 by superoxide dismutase enzymes, 234 

including MnSOD (SOD2) in the matrix and Cu/ZnSOD (SOD1) in the intermembrane space. Under 235 

physiological conditions, it is estimated that 0.2-2% of the electrons in the ETC do not follow the 236 

normal transfer order but instead directly leak out of the ETC and interact with oxygen to produce 237 

O2
•− (Turrens 2003, Chen et al. 2003). The rate of O2

•− production from the ETC is dependent on the 238 

concentration of the one-electron donor at a particular site and the rate at which this redox active 239 

donor reacts with oxygen O2, and is modulated by local factors, such as O2 tension, protonmotive 240 

force (Δp), electron flux, and ATPase activity (Nolfi-Donegan et al. 2020). Interestingly, recent 241 

structural biology and biochemical studies revealed that ETC complexes can assemble into 242 

supramolecular structures known as supercomplexes (SCs), which confer several advantages, 243 

including stabilization of the structural integrity of ETC individual complexes, efficiency of substrate 244 

channeling and electron transfer, and prevention of excessive ROS formation (Maranzana et al. 2013). 245 

Besides the mitochondrial source, O2
▪− and H2O2 are endogenously produced by specific ROS-246 

generating enzymes located and activated in other subcellular compartments, including plasma 247 



membrane, endoplasmic reticulum, peroxisomes and nucleus, as well as in redoxosomes, specialized 248 

redoxactive endosomes that form in response to various extracellular stimuli, such as growth factors 249 

and cytokines, and contribute to the compartmentalization of ROS production and signaling (Ushio-250 

Fukai 2009, Sies and Jones 2020). In particular, major enzymatic sources of O2
▪− and H2O2 are 251 

transmembrane NADPH oxidase (NOX) enzymes, which contribute about 40% of cellular O2
▪−/H2O2 252 

production in a timely and spatially regulated manner, thereby serving as important regulators of 253 

diverse physiological processes (Sies and Jones 2020) (Figure 4). There is in fact evidence that 254 

distinct subcellular localizations of NOX enzymes in specific signaling domains in the plasma 255 

membrane and endosomes are correlated with their differential roles in localized ROS production and 256 

oxidant signaling (Ushio-Fukai 2009, Ushio-Fukai 2006a, Wolin 2004, Hilenski et al. 2004). 257 

Endothelial cells express four NOX isoforms, including NOX1, NOX2, NOX4, and NOX5, 258 

which are the major ROS sources in the cardiovascular system, acting as critical mediators of 259 

cardiovascular physiology and pathophysiology (Abid et al. 2007, Drummond et al. 2011, Lassègue 260 

et al. 2012). Indeed, the expression and activity of these enzymes are regulated by a variety of 261 

chemical and physical stimuli, including hormones, growth factors, chemokines, cytokines, 262 

neurotransmitters, metabolic factors, microorganism-derived pathogen associated molecular patterns 263 

(PAMPs), host cell-derived damage associated molecular patterns (DAMPs), shear stress and 264 

hypoxia, as well as aging (Park et al. 2004, Ushio-Fukai 2007, Chrissobolis and Faraci 2008, Goitre 265 

et al. 2012, Holmström and Finkel 2014, Chen et al. 2018). Once activated, they contribute to the 266 

regulation of diverse molecular and cellular mechanisms, such as calcium (Ca2+) homeostasis, oxygen 267 

sensing, growth factor signaling, mechanotransduction, cell adhesion and cytoskeleton dynamics, 268 

autophagy, and angiogenic and inflammatory responses (Ushio-Fukai 2007, Ushio-Fukai 2009, 269 

Lassègue et al. 2012, Kim et al. 2017, Brandes et al. 2014a, Schröder 2014, Fukai and Ushio-Fukai 270 

2020, Lee et al. 2011, Xu et al. 2017, Forte et al. 2017). Functional specificity is achieved through 271 

selective subcellular targeting and activation of NOX enzymes. These enzymes interact with 272 

signaling platforms in distinct subcellular compartments, including the nucleus, redoxosomes, plasma 273 

membrane microdomains (caveolae/lipid rafts), focal adhesions, adherens junctions, lamellipodial 274 

leading edges and membrane ruffles, thereby allowing spatiotemporally confined ROS production 275 

that controls activation of specific signal transduction pathways (Lassègue et al. 2012, Sies and Jones 276 

2020, Ushio-Fukai 2009, Hilenski et al. 2004) (Figure 4). Accordingly, NOX enzymes were 277 

demonstrated to play a key role in the compartmentalization of ROS production and redox signaling 278 

in various cell types and tissues, including endothelial cells and cardiovascular tissues (Ushio-Fukai 279 

2009, Lassègue and Griendling 2010, Brandes et al. 2014b). 280 



Remarkably, while an abnormal increase in NOX activity has been shown to be responsible for 281 

excessive ROS production under a variety of pathological conditions, there is also evidence that 282 

elimination of NOX4 activity causes a marked reductive stress and consequent alteration of redox 283 

homeostasis and signaling. This reductive stress paradoxically promotes a net increase in 284 

mitochondrial ROS production and oxidative stress, leading to enhanced sensitivity to cardiovascular 285 

injury (Yu et al. 2014). Thus, both gain- and loss-of-function of NOX enzymes have deleterious 286 

effects on organisms, suggesting that NOX activity must be tightly maintained within optimal low 287 

and high threshold levels. 288 

 289 

2.3 ROS as pleiotropic second messengers in cell redox signaling 290 

Originally, ROS were characterized in terms of their harmful effects on biological molecules, 291 

cells and tissues, and implicated in aging and age-related diseases, including cardiovascular and 292 

neurodegenerative diseases (Taverne et al. 2013, Collin 2019). Indeed, consistent with the traditional 293 

view that ROS production was unregulated and their intracellular targets were random, oxidative 294 

stress originated by an imbalance between ROS production and antioxidant defense mechanisms has 295 

been clearly shown to cause a broad spectrum of molecular damage, such as abnormal oxidation of 296 

proteins, lipids, and nucleic acids, and contribute significantly to a wide range of pathologies, 297 

including cardiovascular and cerebrovascular diseases (Chrissobolis and Faraci 2008, Chrissobolis et 298 

al. 2011, Sena et al. 2018). However, whereas the critical impact of ROS on the development and 299 

progression of most human diseases has been widely confirmed and consolidated, it is now firmly 300 

established that ROS can also function as important mediators of intracellular physiological signaling 301 

implicated in major cell fate decisions (Holmström and Finkel 2014, Sies and Jones 2020). In 302 

particular, both NOX-derived ROS, O2
▪− and H2O2, have been suggested to function as pleiotropic 303 

physiological signaling messengers, acting similarly to Ca2+ (Holmström and Finkel 2014, Sies and 304 

Jones 2020), although the signaling role of O2
▪− is more likely as a precursor of H2O2 (Forman et al. 305 

2010). Indeed, their production is spatially and temporally confined by the restricted subcellular 306 

localization and activation of NOX enzymes, and maintained in the low nanomolar concentration 307 

range by efficient removal systems, thus allowing spatiotemporal precision and specificity in redox 308 

regulation of target proteins and signaling pathways (Woo et al. 2010, Holmström and Finkel 2014, 309 

Sies and Jones 2020, Ushio-Fukai 2009). Consistently, it has been clearly demonstrated that NOX-310 

derived ROS are crucially involved in the dynamic and coordinated orchestration of multiple redox-311 

dependent signal transduction pathways that control essential biological processes, including 312 

physiological angiogenesis, vascular homeostasis, and barrier function (Griendling et al. 2000, Miller 313 



et al. 2006, Ushio-Fukai 2007, Knock and Ward 2011, Ghosh et al. 2015, Byon et al. 2016, Kim et 314 

al. 2017, Obradovic et al. 2020) (Figure 4). 315 

Physiological signal transduction mediated by ROS, known as “redox signaling”, can be 316 

triggered by various endogenous and exogenous stimuli, and typically involves localized small bursts 317 

of O2
▪−/H2O2 and reversible oxidative post-translational modifications (Ox-PTMs) of redox-sensitive 318 

proteins. Specifically, the reversible oxidation of protein cysteine residues is well recognized as a 319 

major regulatory mechanism in redox-dependent cell signaling (Paulsen and Carroll 2013). However, 320 

various Ox-PTMs of cysteine residues may occur, whose specific structural and functional impact is 321 

often poorly understood (Heppner et al. 2017, Dustin et al. 2019). In particular, both thermodynamic 322 

and kinetic considerations suggest that among possible oxidation states of cysteine, formation of 323 

sulfenic acid derivatives or disulfides can be relevant as thiol redox switches in the context of NOX-324 

dependent signaling (Heppner et al. 2017, Dustin et al. 2019, Forman et al. 2010). Indeed, the first 325 

step in the reversible oxidation of cysteine thiols (Cys-SH) is their initial oxidation to a sulfenic acid 326 

(Cys-SOH). This process, termed sulfenylation, is mediated by two-electron oxidation by various 327 

biological ROS, and often influences protein function. However, a Cys-SOH is typically not stable 328 

within proteins and readily reacts with other cysteine thiols to generate a disulfide bond by reaction 329 

either with another cysteine within the same protein to form an intramolecular disulfide, with Cys-330 

SH in a different protein to form an intermolecular disulfide, or with low-molecular weight thiols, 331 

such as free glutathione (GSH), to form protein S-glutathionylation adducts  (Dustin et al. 2019). 332 

These disulfide intermediates can be reduced back to the original reduced thiol by oxidoreductases 333 

such as thioredoxins and glutaredoxins. On the other hand, C-SOH can be also subject to further 334 

oxidation to sulfinic acid (Cys-SO2H) or sulfonic acid (Cys-SO3H), which are irreversible Ox-PTMs 335 

that occur mainly in conditions of severe oxidative stress and are likely not involved in physiological 336 

cell signaling (Heppner et al. 2017, Dustin et al. 2019). Instead, the reversible nature of cysteine 337 

sulfenic acid, disulfide and S-glutathionylation makes them well suited to regulate protein function 338 

during cell signaling, although it is often unclear which oxidative modification is most critical for 339 

such regulation (Paulsen and Carroll 2013). 340 

Among Ox-PTMs of redox-sensitive proteins, particularly important are thiol-based 341 

modifications of kinases, phosphatases, small GTPases, calcium handling proteins, cytoskeletal and 342 

cytoskeleton-associated proteins, cell adhesion proteins, metalloproteases, and transcription factors. 343 

In turn, redox-sensitive target proteins may serve as molecular switches in signal transduction 344 

pathways involved in specific cell responses (Sies and Jones 2020) (Figure 4). In particular, 345 

accumulating evidence points to protein tyrosine phosphatases (PTPs) and protein kinases as major 346 

redox-sensitive molecular targets of the intracellular messenger function of ROS (Tonks 2005, 347 



Monteiro et al. 2008). PTPs are characterized by the presence in the active site of a highly conserved 348 

core CX5R catalytic motif containing a Cys residue that is essential for catalysis, and is very 349 

susceptible to reversible inactivating oxidation by ROS (Tonks 2005). In turn, oxidative inactivation 350 

of PTPs may promote various phosphorylation-dependent downstream signaling events, including 351 

modulation of cell-cell and cell-matrix adhesion and cytoskeleton dynamics (Young et al. 2021, Retta 352 

et al. 1996). Accordingly, oxidative inhibition of PTPs has been shown to be a sufficient stimulus for 353 

triggering both adherens junction disassembly and focal adhesion and actin stress fiber formation in 354 

adherent cells (Balzac et al. 2005, Retta et al. 1996). In addition, transient oxidation of cysteine 355 

residues in regulatory sites can directly activate both receptor and nonreceptor tyrosine kinases 356 

(PTKs), such as vascular endothelial growth factor receptor (VEGFR) and c-Src, respectively, as well 357 

as serine/threonine kinases, such as PKC, eventually contributing significantly to the activation of 358 

their downstream signaling pathways (Griendling et al. 2000, Nakashima et al. 2002, Knock and 359 

Ward 2011, Truong and Carroll 2013, Lee et al. 2011, Taverne et al. 2013, Heppner et al. 2018). In 360 

particular, there is compelling evidence that PKC can be activated by ROS independently of Ca2+ or 361 

diacylglycerol (Gopalakrishna and Anderson 1989, Knapp and Klann 2000). Notably, Ox-PTMs 362 

exert opposite effects on the enzymatic activity of protein phosphatases and kinases, the former being 363 

mainly inhibited and the latter activated by transient oxidation of thiol groups (Figure 5), suggesting 364 

that cellular signaling responses to stimuli are precisely coordinated and integrated by a fine-tuned 365 

crosstalk between redox-dependent and phosphorylation-dependent regulatory mechanisms 366 

(Chiarugi 2005, Chiarugi and Buricchi 2007).  367 

The superfamily of small GTPases is another important group of signaling proteins known to 368 

be regulated by Ox-PTMs. There is evidence that distinct members of this superfamily, including 369 

Ras, Rac1, Cdc42, and RhoA, are directly activated by ROS through reversible oxidation of redox-370 

sensitive cysteines. In turn, once activated, these small GTPases are capable to act as both regulators 371 

and effectors of redox signaling, eventually leading to the redox-dependent activation of downstream 372 

signaling proteins, such as MAPKs and Rho kinases (ROCKs), as well as to positive-feedback 373 

mechanisms that promote sustained ROS production (Griendling et al. 2000, Finkel 2006, Taverne et 374 

al. 2013, Mitchell et al. 2013, Hobbs et al. 2014, Ferro et al. 2014, Messina et al. 2019) (Figure 4 and 375 

5).  376 

Besides phosphatases, kinases, and small GTPases, a fourth important group of proteins 377 

implicated in redox signaling in the cardiovascular system is constituted by major redox-sensitive 378 

transcription factors, such as nuclear factor E2-related factor 2 (NRF2), nuclear factor-kappaB (NF-379 

κB), activator protein 1 (AP-1), hypoxia-inducible factor-1 (HIF-1), and members of the forkhead 380 



box O (FoxO) family (Liu et al. 2005, Brigelius-Flohé and Flohé 2011, Taverne et al. 2013, Marinho 381 

et al. 2014, de Keizer et al. 2011, Klotz et al. 2015, Checa and Aran 2020) (Figure 4). 382 

 383 

3. Redox contextualization of the distinct molecular mechanisms linked to KRIT1 384 

Perhaps the most clinically relevant effect of KRIT1 deficiency in endothelial cells is the loss 385 

of cell-cell contact. This event is thought to mediate the increased permeability of KRIT1-deficient 386 

microvessels and underlie the leakage of red blood cells and blood products into the surrounding 387 

tissue of the brain (Yadla et al. 2010, Clatterbuck et al. 2001). Indeed, hemorrhage of CCM lesions 388 

correlates closely with patient outcome and quality of life (Akers et al. 2017); therefore, controlling 389 

endothelial permeability should be a major goal for any putative CCM therapeutic. Unfortunately, 390 

our understanding of how KRIT1 and the other two CCM proteins stabilize endothelial cell-cell 391 

contacts remains rudimentary. Several years ago, we demonstrated that KRIT1 is a Rap1 effector 392 

associated with adherens junctions (AJs) (Glading et al. 2007) and that reduced expression of KRIT1 393 

leads to loss of VE-cadherin-mediated adhesion and reduced localization of -catenin and p120 394 

catenin to AJs (Glading et al. 2007, Glading and Ginsberg 2010), suggesting for the first time that 395 

KRIT1 acts downstream of Rap1 to regulate endothelial cell-cell junctions and barrier integrity. 396 

Expression of the KRIT1 C-terminal FERM domain restores junctional stability as well as full-length 397 

KRIT1, suggesting that this domain is important to the ability of KRIT1 to stabilize cadherin adhesion 398 

(Glading et al. 2007). However, several other direct and indirect mechanisms have been proposed on 399 

the basis of the various effects known to be induced by KRIT1 loss-of-function (Table 1). Among 400 

others, these include: 401 

1) activation of various signaling proteins, such as RhoA GTPase (Stockton et al. 2010), β1 integrin 402 

(Faurobert et al. 2013), vascular endothelial growth factor receptor 2 (VEGFR2) (DiStefano et 403 

al. 2014), mTOR (Marchi et al. 2015), and NADPH oxidase (NOX) enzymes (Goitre et al. 2017); 404 

2) induction of transforming growth factor-beta (TGF-β)-mediated endothelial-to-mesenchymal 405 

transition (EndMT) (Maddaluno et al. 2013); 406 

3) stimulation of β1 integrin-mediated Krüppel-like factor 2 (KLF2) proangiogenic activity (Renz 407 

et al. 2015); 408 

4) upregulation of MAPK signaling, including the MAPK kinase kinase 3/MAPK kinase 409 

5/extracellular signal-regulated kinase 5 (MEKK3/MEK5/ERK5) pathway, and consequent 410 

overexpression of KLF2 and KLF4 transcription factors (Zhou et al. 2016, Cuttano et al. 2016); 411 

5) alteration of redox homeostasis and signaling, and concomitant downregulation of autophagy 412 

(Goitre et al. 2010, Goitre et al. 2014, Marchi et al. 2015, Marchi et al. 2016a, Retta and Glading 413 

2016, Antognelli et al. 2018b, Antognelli et al. 2018a); 414 



6) enhanced susceptibility to proinflammatory responses induced by cytokines and innate immune 415 

ligands, including interleukin-1β (IL-1β) and bacterial lipopolysaccharide (LPS) (Tang et al. 416 

2017); 417 

7) increased sensitivity to either low fluid shear stress conditions (Li et al. 2019) or absence of blood 418 

flow (Rödel et al. 2019). 419 

One challenge to a better understanding of CCM pathogenesis is that these distinct mechanisms 420 

and signaling pathways have multiple downstream effects that could contribute to the loss of 421 

endothelial barrier function. However, consistent with our original finding that KRIT1 plays a major 422 

role in redox homeostasis and signaling, a major commonality is that both cadherin-mediated cell-423 

cell adhesion and all the distinct mechanisms so far associated with KRIT1 loss-of-function are redox 424 

sensitive and can be simultaneously controlled by the pleiotropic effects of ROS-mediated cellular 425 

signaling. Accordingly, it is now well-established that ROS play a critical role in the coordinated and 426 

simultaneous regulation of multiple redox-sensitive signaling pathways and mechanisms necessary 427 

to ensure proper endothelial responses to various stimuli (Ushio-Fukai 2009, Holmström and Finkel 428 

2014, Sies and Jones 2020). 429 

 430 

3.1 Redox regulation of VE-cadherin-mediated cell adhesion 431 

The AJ complex, comprising VE-cadherin and associated β-, α-, and p120-catenins, is of central 432 

importance for the formation and stabilization of endothelial cell–cell junctions and consequent 433 

regulation of vascular permeability. AJ stability requires the anchorage of VE-cadherin cytoplasmic 434 

domain to cortical actin bundles via α and β catenins, and is dynamically controlled through 435 

mechanisms that involve reversible protein phosphorylation mediated by kinases and phosphatases 436 

(Noda et al. 2010, Timmerman et al. 2012), as well as a fine-tuned interplay between Rap1 and Rho 437 

GTPases (Boettner and Van Aelst 2009, Cerutti and Ridley 2017, Citi et al. 2011, Noda et al. 2010, 438 

Spindler et al. 2010). Specifically, phosphorylation of VE-cadherin cytoplasmic domain and 439 

associated β-catenin by either receptor or nonreceptor tyrosine kinases, such as VEGFR2 and c-Src, 440 

results in disassembly of the AJ complex and internalization of VE-cadherin, which are accompanied 441 

by a concomitant increase in RhoA activity and vascular permeability. Conversely, 442 

dephosphorylation of VE-cadherin and β-catenin by VE-cadherin–associated PTPs, such Src 443 

homology-2 domain-containing tyrosine phosphatase 2 (SHP-2), and activation of the small GTPase 444 

Rap1 pathway, potentiate VE-cadherin–mediated cell–cell adhesion, leading to enhanced endothelial 445 

barrier function (Grinnell et al. 2010, Noda et al. 2010, Timmerman et al. 2012). 446 

Remarkably, clear evidence shows that NOX-derived ROS can act as second messengers to 447 

regulate VE-cadherin-mediated AJ dynamics either through direct oxidative modification of 448 



junctional proteins or indirectly through redox modification of associated regulatory proteins, such 449 

as phosphatases, kinases and small GTPases (Tonks 2005, Ushio-Fukai 2009, Monaghan-Benson and 450 

Burridge 2009, van Wetering et al. 2002, Lin et al. 2003, Nwariaku et al. 2004, Zhou et al. 2013) 451 

(Figure 5). Specifically, ROS-dependent phosphorylation of VE-cadherin and catenins, and 452 

subsequent disassembly of VE-cadherin/catenin complexes, have been demonstrated to occur in 453 

response to the compartmentalized ROS-generating activity of NOX enzymes induced by angiogenic 454 

growth factors, inflammatory cytokines, hypoxia and shear stress (van Wetering et al. 2002, Lin et 455 

al. 2003, Nwariaku et al. 2004, Ikeda et al. 2005, Zhou et al. 2013, Marcos-Ramiro et al. 2014). ROS 456 

generated by NOX enzymes can in fact modulate the activity of redox-sensitive kinases and 457 

phosphatases that affect the conformation and function of AJ proteins, including VEGFR2, c-Src, 458 

PKC, PTP-μ, VE-PTP, PTP1B, and SHP-2 (Griendling et al. 2000, Tonks 2005, Abid et al. 2007, Lee 459 

et al. 2011) (Figure 4 and 5). Consistently, there is clear evidence for a tight interplay between NOX 460 

enzymes and VEGFR2 in endothelial cells, which enhances VEGF-induced VEGFR2 461 

autophosphorylation and signaling (Ushio-Fukai 2006b, Ushio-Fukai 2007), as well as for a 462 

NOX/ROS-dependent oxidative activation of c-Src (Heppner et al. 2018). Conversely, antioxidant 463 

compounds were demonstrated to strongly inhibit VEGF-mediated angiogenic responses, including 464 

c-Src kinase activation, VE-cadherin and β-catenin tyrosine phosphorylation, and subsequent AJ 465 

remodeling, suggesting that ROS are required for VEGF-induced microvascular permeability (Lin et 466 

al. 2003, Monaghan-Benson and Burridge 2009). 467 

VE-cadherin phosphorylation and subsequent disruption of AJ also occurs in response to other 468 

stimuli, including pro-inflammatory factors, such as IL-1β, tumor necrosis factor-α (TNF-α), and 469 

bacterial LPS (Angelini et al. 2006, Gong et al. 2008). Indeed, NOX-derived ROS play a central role 470 

in the endothelial barrier dysfunction driven by these proinflammatory factors via their cognate 471 

receptors, IL-1βR, TNF-α receptor (TNFR), and Toll-like receptor 4 (TLR4) (Park et al. 2004, Park 472 

et al. 2006) (Figure 5). This is particularly noteworthy, as it has been proposed that activation of 473 

endothelial TLR4 by gram negative bacteria and LPS contributes critically to both CCM disease 474 

pathogenesis and its highly variable expressivity associated with KRIT1 loss-of-function mutations 475 

(Tang et al. 2017). Specifically, signaling by IL-1β, a major proinflammatory cytokine capable of 476 

inducing BBB breakdown, is known to be dependent on NOX-derived ROS and require the formation 477 

of redox-active signaling endosomes (redoxosomes) containing its endocytosed heterodimeric 478 

receptor (IL-1βR) and NADPH oxidase 2 (NOX2) (Oakley et al. 2009). Physical association of TNFR 479 

and TLR4 with NADPH oxidase 1 (NOX1) and NADPH oxidase 4 (NOX4), respectively, is also a 480 

prerequisite for ROS production downstream of TNF-α and LPS stimulation (Yazdanpanah et al. 481 

2009). In turn, NOX-derived ROS have been directly linked to changes in the morphology and 482 



functional properties of the endothelium induced by TNF-α (Li et al. 2005, Marcos-Ramiro et al. 483 

2014) and LPS (Park et al. 2006, Singh et al. 2017, Yoo et al. 2020), being capable of coupling TNFR 484 

and TLR4 receptor triggering to the oxidative activation of c-Src, which leads to tyrosine 485 

phosphorylation and destabilization of cell-cell adhesion proteins and consequent enhanced 486 

microvascular permeability (Gong et al. 2008, Checa and Aran 2020) (Figure 5). To this regard, it is 487 

noteworthy that IL-1β- and TNF-α-induced endothelial barrier disruption is inhibited by compounds 488 

endowed with antioxidant activity, such as tiron, an O2
▪− scavenger (Li et al. 2005), apocynin, a 489 

NADPH oxidase inhibitor, and simvastatin (Freitas et al. 2020), some which have been proposed as 490 

potential therapeutic compound for CCM disease treatment. 491 

Clearly, based on the above considerations it is reasonable to propose a contextual link between 492 

loss-of-function mutations in KRIT1, increased ROS/oxidative stress, and reduced VE-cadherin 493 

mediated adhesion. 494 

 495 

3.2 Redox regulation of Rap1 and RhoA GTPases 496 

A major role in KRIT1 loss-dependent destabilization of endothelial cell junctions and BBB 497 

integrity has been attributed to the modulation of small GTPases involved in cytoskeletal dynamics 498 

(Glading et al. 2007, Stockton et al. 2010). Indeed, apart from the phosphorylation status of VE-499 

cadherin and catenins, the stability of AJs and permeability of endothelial barriers depend also on the 500 

architecture and dynamics of the junctional actin cytoskeleton, which are tightly controlled by the 501 

activity of small GTPases of the Ras and Rho families, including Rap1, RhoA, Rac1, and Cdc42 (van 502 

Buul and Timmerman 2016, Chrzanowska-Wodnicka 2017, Cerutti and Ridley 2017). In particular, 503 

Rap1 and RhoA exert crucial but antagonistic roles in the regulation of actin cytoskeletal 504 

rearrangements at VE-cadherin-based junctions, with consequent opposite effects on endothelial AJ 505 

dynamics and barrier permeability (Cerutti and Ridley 2017). In fact, while activation of Rap1 506 

tightens cell-cell junctions by promoting AJ maturation and the formation of a cortical actin 507 

cytoskeletal belt (Kooistra et al. 2007, Boettner and Van Aelst 2009), activation of RhoA weakens 508 

cell-cell junctions by promoting AJ disassembly and the formation of contractile actin stress fibers 509 

(van Buul and Timmerman 2016, Cerutti and Ridley 2017). These opposite effects are mediated by 510 

distinct downstream effectors, including KRIT1, afadin/AF6, and Rac1/Cdc42 for Rap1, and Rho 511 

kinases (ROCKs) and mDia for RhoA (Boettner and Van Aelst 2009, Cerutti and Ridley 2017). 512 

Consistent with their antagonistic roles in the regulation of cell-cell adhesion, Rap1 inhibits leukocyte 513 

transendothelial migration (TEM) by promoting endothelial barrier function (Wittchen et al. 2005, 514 

Gaonac'h-Lovejoy et al. 2020), while RhoA promotes endothelial cell permeability to increase 515 



leukocyte TEM in response to proinflammatory stimuli, such as TNF-α and bacterial LPS (Cernuda-516 

Morollón and Ridley 2006, Cerutti and Ridley 2017). 517 

Remarkably, the functions of Rap1 and RhoA have been shown to be reciprocally regulated 518 

(Moon et al. 2013, Birukova et al. 2013), and modulated by NOX-derived ROS (Wang et al. 2014, 519 

Mitchell et al. 2013, Hobbs et al. 2014), suggesting that these small GTPases engage in redox-520 

dependent bidirectional crosstalk and feedback loops to orchestrate cell adhesion and cytoskeleton 521 

dynamics (Finkel 2006, Goitre et al. 2012, Ferro et al. 2014). Specifically, there is compelling 522 

evidence that active Rap1 increases endothelial barrier stability and inhibits TNF-α-induced 523 

angiogenesis by reducing NOX4 expression and NOX/ROS-dependent activation of NF-κB and β-524 

catenin signaling (Wang et al. 2014, H. Wang et al. 2015, Wang et al. 2016, Li et al. 2018). On the 525 

other hand, the RhoA/ROCK1 signaling pathway is redox-sensitive and can be activated by NOX4-526 

derived ROS (Meng et al. 2015, Huang et al. 2019). Consistently, apart from canonical regulators, 527 

such as guanine nucleotide exchange factors (GEFs), it has become apparent that RhoA can be 528 

directly activated by ROS through the reversible oxidation of critical cysteine residues located in a 529 

redox-sensitive motif within the conserved phosphoryl binding loop (p-loop) (Heo and Campbell 530 

2005, Aghajanian et al. 2009). Moreover, RhoA activity is also regulated by the formation of specific 531 

redox-sensitive protein complexes in distinct subcellular compartments, which determine the precise 532 

spatiotemporal control of its multiple functions (Hodge and Ridley 2016, Navarro-Lérida et al. 2021). 533 

A major effect of the redox-dependent activation of RhoA is the activation of ROCK1 and the 534 

consequent formation of stress fibers, a well characterized readout of RhoA activity that affects 535 

fundamental cellular functions, such as cell-cell and cell-matrix adhesion, and plays a critical role in 536 

the pathogenesis of cardiovascular disorders, including CCM disease (Borikova et al. 2010, Stockton 537 

et al. 2010, Satoh et al. 2011, Hodge and Ridley 2016, Navarro-Lérida et al. 2021, Vannier et al. 538 

2021).  539 

The existence of a nexus between ROS generation and RhoA activation during endothelial 540 

barrier dysfunction and vascular remodeling has been indeed established (Karki and Birukov 2019), 541 

and is further supported by the finding that NOX4-derived ROS can activate the RhoA/ROCK1 542 

signaling pathway (Meng et al. 2015, Huang et al. 2019) (Figure 5). In turn, given its major 543 

pathogenic role, the RhoA/ROCK pathway is considered an important therapeutic target in 544 

cardiovascular medicine (Satoh et al. 2011, Shi and Wei 2013, Shimokawa et al. 2016, Richardson et 545 

al. 2013, Shenkar et al. 2017). In fact, fasudil, a selective ROCK inhibitor, has been demonstrated to 546 

exert beneficial effects in many preclinical models of cardiovascular diseases, including CCM disease 547 

(Shi and Wei 2013, McDonald et al. 2012) (Table 2). However, growing evidence indicates that the 548 

protective effects of fasudil may be due to its strong antioxidant and anti-inflammatory activities, 549 



including the capacity to suppress endothelial NOX upregulation and lipid peroxidation, to reduce 550 

the levels of inflammatory cytokines, and to induce eNOS expression and NRF2-mediated 551 

antioxidant responses (Higashi et al. 2003, Ma et al. 2011, Wang et al. 2018, Guan et al. 2018). 552 

Accordingly, there is evidence that ROCK1 can be directly downregulated by natural antioxidants, 553 

such as the phenolic compound protocatechuic acid (PCA) (Bai et al. 2021).  554 

 555 

3.3 Redox regulation of integrin-mediated cell adhesion and actin cytoskeleton dynamics 556 

The destabilization of AJs and increased endothelial permeability caused by KRIT1 loss-of-557 

function was also linked to the upregulation of β1 integrin activation and consequent effects, 558 

including increased formation of β1 integrin–containing focal adhesions (FAs), enhanced RhoA-559 

dependent endothelial contractility, and aberrant remodeling of the sub-endothelial extracellular 560 

matrix (ECM) (Faurobert et al. 2013) (Figure 3). Consistently, a characteristic feature of decreased 561 

endothelial barrier function is that the weakening of AJs is accompanied by increased formation of 562 

FAs and enhanced endothelial contractility and ECM remodeling, suggesting that these critical 563 

processes are controlled by integrated regulatory mechanisms, which likely include redox signaling 564 

(Ushio-Fukai 2009, Goitre et al. 2012, Sies and Jones 2020).  565 

Accordingly, besides modulating VE-cadherin-mediated cell-cell adhesion, NOX-derived ROS 566 

are known to modulate also integrin-mediated cell-matrix adhesion, cytoskeleton dynamics and ECM 567 

remodeling (Ushio-Fukai 2009, Xu et al. 2017, Eble and de Rezende 2014, Vukelic et al. 2018, Balta 568 

et al. 2020), suggesting that they can orchestrate the established crosstalk between cadherins, integrins 569 

and the actin cytoskeleton (Balzac et al. 2005, Retta et al. 2006, Goitre et al. 2012) (Figure 5). Indeed, 570 

there is clear evidence that disassembly of cadherin-mediated AJs, formation of contractile actin 571 

stress fibers, and assembly of integrin-mediated FAs may occur synchronically through redox-572 

dependent coupling mechanisms involving common regulatory proteins, including redox-sensitive 573 

kinases, phosphatases and small GTPases (Ushio-Fukai 2009, Goitre et al. 2012). In particular, either 574 

ROS-mediated inhibition of PTPs or activation of Src kinase have been shown to promote both AJ 575 

disassembly and FA assembly through increased phosphorylation of AJ and FA components, 576 

respectively (Lee et al. 2011, Knock and Ward 2011, Timmerman et al. 2012, Young et al. 2021). 577 

Furthermore, these events are coupled with activation of the RhoA/ROCK pathway and subsequent 578 

formation of contractile actin stress fibers, leading to increased endothelial cell contractility and 579 

vascular permeability (Chrzanowska-Wodnicka and Burridge 1996, Karki and Birukov 2019) (Figure 580 

5). Consistent with their redox-dependent regulation, such molecular and cellular phenotypes can be 581 

reverted by ROS scavengers (Lin et al. 2003, Monaghan-Benson and Burridge 2009). In addition, 582 

there is evidence that integrin activation and outside-in signaling leads to a NOX4-mediated transient 583 



increase in H2O2 production, which contributes to redox regulation of FA and stress fiber formation 584 

(Vukelic et al. 2018). Accordingly, the formation of FAs requires the assembly of a redox signaling 585 

platform involving multiple proteins, including integrins, growth factor receptors and NADPH 586 

oxidases, which is essential for integrin adhesive and signaling functions (Ushio-Fukai 2009). In turn, 587 

integrin-mediated activation of NOX/ROS signaling may affect cadherin adhesive functions via 588 

multiple redox-sensitive regulatory proteins, suggesting potential mechanisms of redox-dependent 589 

crosstalk between integrins and cadherins (Chiarugi et al. 2003, Usatyuk and Natarajan 2005, Goitre 590 

et al. 2012, Ushio-Fukai 2009) (Figure 5). 591 

In this context, it is relevant to consider the potential redox-dependent modulation of ICAP1, a 592 

major binding partner and regulator of both KRIT1 and β1 integrin, which is known to dictate the 593 

nuclear translocation of the ICAP1-KRIT1 complex (Draheim et al. 2017, Su et al. 2020), as well as 594 

to inhibit β1 integrin-mediated adhesion and signaling (Degani et al. 2002, Bouvard et al. 2003, Liu 595 

et al. 2013). Despite there is not yet evidence that ICAP1 is a target of redox signaling, the fact that 596 

its subcellular localization and functions are controlled through regulatory phosphorylations mediated 597 

by p21-activated kinase 4 (PAK4) and other protein kinases not yet identified (Chang et al. 1997, Su 598 

et al. 2020) raises indeed the possibility that its functions are influenced at least indirectly by the 599 

action of redox-sensitive kinases and/or phosphatases, a hypothesis that would warrant specific 600 

investigation in future studies. Remarkably, consistent with an important regulatory role of redox 601 

signaling in the nucleocytoplasmic shuttling of the ICAP1-KRIT1 complex, we have recently 602 

demonstrated that PKC activation promotes a redox-dependent nucleocytoplasmic translocation of 603 

KRIT1, whereas inhibition of PKC or treatment with the antioxidant N-acetylcysteine leads to KRIT1 604 

nuclear accumulation (De Luca et al. 2021). Furthermore, we demonstrated that these redox-sensitive 605 

effects rely on a PKC-dependent phosphorylation of the KRIT1 N-terminal region, which was 606 

previously shown to play a major role in the open/closed conformation switch that regulates KRIT1 607 

head-to-tail intramolecular interaction and intermolecular interactions with binding partners, 608 

including Rap1, in a mutually exclusive manner (Francalanci et al. 2009). Further studies are needed 609 

to test the interesting possibility that also KRIT1 intramolecular and intermolecular interactions are 610 

redox-dependent. 611 

 612 

3.4 Redox regulation of endothelial-to-mesenchymal transition 613 

A major consequence of loss-of-function mutations of CCM genes in endothelial cells is an 614 

enhanced tendency towards TGF-β-mediated endothelial-to-mesenchymal transition (EndMT) 615 

(Maddaluno et al. 2013). EndMT is a process whereby endothelial cells loosen cell-cell junctions and 616 

alter their cytoskeletal organization in response to a variety of stimuli. These include growth factors, 617 



hypoxia, inflammation, oxidative stress, and abnormal shear stress, which eventually lead to a 618 

decrease in endothelial properties and the acquisition of mesenchymal features, such as a spindle-619 

shaped morphology and contractile and migratory capacities (Bischoff 2019, Kovacic et al. 2019, 620 

Gao et al. 2020, Islam et al. 2021). TGF-β1 is considered the main EndMT inducer. However, other 621 

mechanisms besides the activation of the TGF-β pathway seem to be involved, including signaling 622 

pathways mediated by interleukin 6 (IL-6), bone morphogenetic protein (BMP), Wnt/β-catenin, and 623 

NOTCH, as well as alterations in fatty acid metabolism and autophagy deficiency (Rieder et al. 2011, 624 

Lin et al. 2012, Pérez et al. 2017, Piera-Velazquez and Jimenez 2019, Huang et al. 2021, Xiong et al. 625 

2018, Takagaki et al. 2020). Initially observed to occur during cardiovascular development and tissue 626 

regeneration, EndMT is now recognized as a dynamic process that contributes to various human 627 

disorders, including inflammatory and cardiovascular diseases (van Meeteren and ten Dijke 2012, 628 

Kovacic et al. 2019, Piera-Velazquez and Jimenez 2019, Alvandi and Bischoff 2021, Huang et al. 629 

2021). 630 

Oxidative stress has emerged as a decisive factor in inducing EndMT through a TGF-β-631 

dependent mechanism (Montorfano et al. 2014). Specifically, oxidative stress can promote EndMT 632 

by inducing expression, secretion and extracellular activation of TGF-β isoforms (Jobling et al. 2006, 633 

Montorfano et al. 2014). In turn, TGF-β has been shown to be a major inducer of NOX4 expression 634 

and activation in all cell types tested (Lassègue and Griendling 2010, Lassègue et al. 2012). 635 

Consistently, growing evidence indicates that NOX enzymes mediate many of the TGF-β effects and, 636 

in the opposite way, NOXs regulate TGF-β activity. This suggests the existence of a bidirectional 637 

crosstalk between TGF-β and NOX signaling (Figure 4), as well as potential feed-forward 638 

mechanisms between TGF-β and ROS in the development of human diseases (Crosas-Molist et al. 639 

2015, Fernandez et al. 2015, Liu and Desai 2015, Thuan et al. 2018, Herranz-Itúrbide et al. 2021). 640 

Notably, EndMT can be attenuated or suppressed by either antioxidant compounds or autophagy 641 

inducers, suggesting that cellular antioxidant defenses, including activation of NRF2 signaling and 642 

autophagy, serve as cytoprotective mechanisms against EndMT (Chen et al. 2017, Zou et al. 2017, 643 

Ma et al. 2017, Takagaki et al. 2020, Giordo et al. 2021, Y. Li et al. 2021, Zhou et al. 2021). In 644 

particular, consistent with a major role of altered redox homeostasis and defective autophagy in CCM 645 

disease pathogenesis, both antioxidant compounds and autophagy inducers, such as tiron and 646 

rapamycin, were effective in rescuing EndMT phenotypes associated with KRIT1 loss-of-function 647 

(Marchi et al. 2016a, Retta and Glading 2016, Marchi et al. 2016b, Perrelli et al. 2021, Kim et al. 648 

2020, Marchi et al. 2015, Goitre et al. 2017, Antognelli et al. 2018b, De Luca et al. 2018), and 649 

counteracting the burden of CCM lesions in animal models (Ren et al. 2021, Gibson et al. 2015). 650 

 651 



3.5 Redox regulation of MAPK signaling 652 

Another established mechanism elicited by loss-of-function mutations of CCM genes is the 653 

increased activation of mitogen-activated protein kinase (MAPK) signaling pathways, including 654 

JNK/c-Jun (Goitre et al. 2014) and MEKK3/MEK5/ERK5 (Cullere et al. 2015, Zhou et al. 2016, 655 

Cuttano et al. 2016), and consequent detrimental downstream effects, such as overexpression of 656 

COX-2 (Goitre et al. 2014) and KLF2/4 (Zhou et al. 2016, Cuttano et al. 2016), respectively (Table 657 

1). 658 

MAPK signaling cascades consist of three tier components, MAPK kinase kinase (MAPKKK), 659 

MAPK kinase (MAPKK) and MAPK, which are activated by sequential phosphorylations and 660 

eventually lead to the phosphorylation of target regulatory proteins. Four different MAPK cascades 661 

have been identified so far, and named after their MAPK components: ERK1/2, JNK, p38MAPK and 662 

ERK5. Remarkably, there is compelling evidence that ROS exert an important role in the sequential 663 

activation of all MAPK cascades. Indeed, distinct MAPK signaling pathways are activated by NOX-664 

derived ROS via ROS-sensitive regulators, such as MAPK phosphatases (MKPs) (Kamata et al. 665 

2005), being critically involved in cellular responses to various stimuli and environmental stresses 666 

(Torres 2003, Touyz et al. 2003, Veal et al. 2004, McCubrey et al. 2006, Taverne et al. 2013). In 667 

particular, the JNK, p38MAPK and ERK5 cascades have been shown to play a key role in redox 668 

signaling and cellular responses to oxidative stress (Torres 2003, Touyz et al. 2003, McCubrey et al. 669 

2006, Lassègue and Griendling 2010, Taverne et al. 2013) (Figure 4). Both JNK and p38MAPK, also 670 

known as stress-activated protein kinases (SAPKs), can be activated by NOX4 (Djordjevic et al. 671 

2005, Goettsch et al. 2009, Lassègue and Griendling 2010). In turn, redox regulation of these two 672 

major SAPKs has been implicated in ROS-dependent endothelial barrier dysfunction and vascular 673 

diseases (Usatyuk et al. 2003, Usatyuk and Natarajan 2004, Kyaw et al. 2001, Kyaw et al. 2002). 674 

Moreover, it has been shown that the activity of ERK5, also known as big MAP kinase 1 (BMK1), is 675 

induced to a greater extent by oxidants, including exogenous H2O2 and endogenous NOX-derived 676 

ROS, than by growth factors, suggesting that cellular redox signaling is a major driver of this pathway 677 

(Abe et al. 1996, Abe et al. 1997, Chao et al. 1999, Suzaki et al. 2002, Touyz et al. 2003, Zhao et al. 678 

2011, Jiang et al. 2017). Furthermore, the MAPKKK apoptosis signal-regulating kinase 1 (ASK-1), 679 

an upstream regulator of JNK and p38MAPK signaling cascades, has been demonstrated to be 680 

preferentially activated by oxidative stress (Saitoh et al. 1998, Katagiri et al. 2010, Kim et al. 2008, 681 

Jarvis et al. 2012). Consistent with a crucial role of redox-dependent mechanisms, cell treatments 682 

with antioxidant compounds were effective in rescuing both the activating phosphorylation of JNK 683 

and ERK5, and the consequent upregulation of downstream targets, including respectively c-Jun and 684 



KLF4 transcription factors, caused by KRIT1 loss-of-function (Goitre et al. 2014, Antognelli et al. 685 

2018b). 686 

 687 

4. CCM disease from a redox perspective: a unifying hypothesis for distinct pathogenetic 688 

mechanisms and therapeutic approaches 689 

This review has been focused primarily on CCM1/KRIT1, the major causative gene for CCM 690 

disease, in the attempt to effectively highlight and comprehensively contextualize the compelling 691 

evidence for its pleiotropic physiopathological functions and significant involvement in redox 692 

biology. Indeed, in the light of the considerations set out in previous sections, it is possible to envisage 693 

a unifying scenario whereby KRIT1 exerts its crucial role in the maintenance of endothelial cell 694 

homeostasis and barrier function through the coordinated regulation of key redox-sensitive 695 

mechanisms, including NOX/ROS-dependent ox-PTMs of redox-sensitive proteins involved in the 696 

functional crosstalk between cadherins and integrins (Figure 6). These aspects could be easily 697 

extrapolated to the other two identified CCM proteins, CCM2 and CCM3, as they are known to form 698 

a molecular complex with KRIT1 and participate in almost the same regulatory mechanisms (Fisher 699 

and Boggon 2014). However, a brief overview of the existing evidence for a significant involvement 700 

in redox mechanisms of these and other proteins so far associated with CCM disease is also provided. 701 

 702 

4.1 Existing evidence for the involvement of CCM2 and CCM3 in redox biology 703 

Although the involvement of CCM2 and CCM3 genes in redox biology has been much less 704 

extensively and thoroughly examined, there are several lines of evidence that support such 705 

involvement. Specifically, the deficiency of either CCM2 or CCM3 proteins has been shown to cause 706 

defective autophagy, mitochondrial dysfunction and altered redox homeostasis similarly to KRIT1 707 

deficiency (Marchi et al. 2015). Moreover, compounds endowed with ROS scavenging properties 708 

were identified by unbiased screenings as effective in rescuing major pathological phenotypes caused 709 

by the conditional knockout of CCM2 in mouse models, including actin cytoskeleton and cell-cell 710 

adhesion alterations, enhanced vascular permeability, and formation of CCM lesions, suggesting that 711 

such CCM2 loss-of-function effects are indeed redox-dependent (Gibson et al. 2015). In addition, a 712 

specific role for CCM3 in protecting cells against oxidative stress was previously reported by 713 

Zalvide's research group, who demonstrated that CCM3 protects cells from apoptosis induced by 714 

oxidative stress and prevent the development of CCM lesions through the activation of 715 

serine/threonine kinases of the germinal center kinase III (GCKIII) family, including MST4/STK26, 716 

MST3/STK24 and SOK1/STK25 (Fidalgo et al. 2012, Sartages et al. 2022). Consistently, members 717 

of the GCKIII family, as well as other components of the striatin-interacting phosphatase and kinase 718 



(STRIPAK) supramolecular complex in which they are involved together with CCM3, including the 719 

serine/threonine protein phosphatase 2A (PP2A), have been clearly implicated in cellular responses 720 

to oxidative stress and inflammation (Jiao et al. 2015, Elgenaidi and Spiers 2019, Pombo et al. 1996). 721 

 722 

4.2 A unifying redox scenario for CCM disease pathogenesis and treatment: lessons from basic 723 

mechanisms and therapeutic approaches 724 

ROS and the oxidative stress they produce have been extensively linked to vascular barrier 725 

function, vascular pathology, and the inflammatory response; thus, given the original discovery that 726 

KRIT1 loss-of-function leads to enhanced levels of intracellular ROS and cell susceptibility to 727 

oxidative stress (Goitre et al. 2010), it has been straightforward to predict that increased oxidative 728 

stress contributes to the loss of endothelial barrier function in CCM. In fact, several studies support 729 

the idea that blocking oxidative stress could be effective at preventing the increase in endothelial 730 

permeability caused by the loss of CCM proteins and affect the clinical impact of the disease. Vitamin 731 

D3, a well described antioxidant, restores barrier function of KRIT1 and CCM2 deficient cells and 732 

reduces CCM-like lesion formation in mouse models of CCM (Gibson et al. 2015). Tempol, a 733 

membrane-permeable radical scavenger and metal-independent SOD-mimetic, can similarly rescue 734 

endothelial barrier function and limit lesion formation (Gibson et al. 2015). In addition, we have 735 

shown that directly targeting the endothelium with antioxidant enzymes is sufficient to reverse the 736 

increased permeability in KRIT1 heterozygote mice, as does treatment with recombinant 737 

avenanthramides, a plant-based antioxidant (Goitre et al. 2017). These data indicate that limiting 738 

oxidative stress can restore endothelial barrier function and limit lesion growth in CCM protein-739 

deficient cells and animals, and strongly suggest that antioxidants could be a fruitful pharmaceutical 740 

therapy for CCM.  741 

Currently, the potential therapeutics in development for treatment of CCM disease target 742 

specific signaling pathways activated by the loss of CCM protein expression (Table 2). Yet many, if 743 

not all, of these therapeutics and their cognate pathways also impact, or are impacted by, the level of 744 

oxidative stress in the endothelium. For example, inhibition of RhoA and ROCK has been shown to 745 

restore endothelial barrier function and limit lesion formation in CCM deficient cells and animals. As 746 

described in section 3.2 above, RhoA is activated by ROS (Heo and Campbell 2005), and activates 747 

ROCK to promote the formation of contractile actomyosin stress fibers and the downregulation of 748 

cortical actin meshworks implicated in the dynamics of cell-matrix and cell-cell contacts (Marcos-749 

Ramiro et al. 2014, Yao et al. 2010). It has been suggested that KRIT1 promotes a complex at the 750 

plasma membrane between ROCK2 and VE-cadherin that stabilizes cell-cell contacts and limits stress 751 

fiber formation downstream of ROCK1 (Lisowska et al. 2018). Therefore, in KRIT1 depleted cells, 752 



activation of RhoA by ROS could trigger activation of ROCK1, leading to increased cellular 753 

contractility and subsequent loss of barrier function (Figure 6). Consequently, RhoA and ROCK 754 

inhibitors have attracted much attention as a possible treatment for CCM. The statin class of drugs, 755 

which inhibit HMG CoA reductase and block RhoA, have been extensively tested in pre-clinical 756 

models of CCM, but have had limited success at reducing lesion burden. However, an inhibitor of 757 

ROCK, fasudil, blocks stress fiber formation and reduces endothelial permeability in cells lacking 758 

KRIT1, CCM2, or CCM3 (Shenkar et al. 2019, Shenkar et al. 2017, Stockton et al. 2010, McDonald 759 

et al. 2012). In vivo, treatment of CCM3 deficient animals with fasudil reduces lesion formation and 760 

perilesional iron deposition, a marker of local hemorrhage and an indirect marker of endothelial 761 

barrier function (Shenkar et al. 2019). Notably, fasudil also exerts Rho-independent antioxidant 762 

effects on the endothelium in vivo by elevating the activities of antioxidant enzymes and reducing 763 

activation of NF-κB (Wang et al. 2018, Ma et al. 2011). Thus, the ability of fasudil to limit oxidative 764 

stress could also contribute to its ability to restoration of vascular homeostasis in CCM models. More 765 

recently, loss-of-function mutations in the Rho family GTPase Cdc42, which antagonizes RhoA and 766 

contributes to the formation of cortical actin structures that promote cell-cell contact stability 767 

(Wojciak-Stothard and Ridley 2002), has been show to stimulate MEKK3/ERK5/KLF signaling in 768 

brain endothelial cells and the formation of CCM-like lesions in mice (Castro et al. 2019). Cdc42, 769 

like RhoA, contains a conserved redox-sensitive motif that promotes nucleotide exchange, leading to 770 

GTPase activation (Heo and Campbell 2005); however, based on current knowledge, activation of 771 

Cdc42 by ROS would be predicted to promote barrier function and rescue CCM lesion formation. 772 

There may be a functional difference in ROS-dependent activation of these GTPases, as RhoA 773 

contains two redox-sensitive sites, and Cdc42 just one, and oxidative stress also activates RhoA by 774 

PKC-dependent phosphorylation and activation of p115RhoGEF (Chandra et al. 2012). Interestingly, 775 

Cdc42 also competes with the related GTPase Rac1 to bind to flavocytochrome b558 (Diebold et al. 776 

2004), which antagonizes the ROS-producing capabilities of Rac1. Thus, loss of Cdc42 may also 777 

indirectly increase ROS production, however the contribution of such a signaling mechanism to the 778 

Cdc42-dependent formation of CCM-like lesions is not yet established.  779 

Yet another redox-sensitive pathway active in CCM is the activation of VEGFR2 signaling 780 

(Abe et al. 2009), which regulates cell-cell contacts via both direct and indirect mechanisms. 781 

Distefano et al reported that loss of KRIT1 activates VEGFR2 signaling, leading to phosphorylation 782 

of -catenin  (DiStefano et al. 2014), a known direct mechanism regulating AJ stability. Inhibition of 783 

VEGFR2 activity reduced CCM-like lesion formation and lesion hemorrhage by 50%, and had an 784 

even stronger effect on vascular permeability, which it restored to wildtype levels (DiStefano and 785 

Glading 2020). Activation of VEGFR2 signaling likely occurs via up-regulation of VEGF-A 786 



expression, which could occur downstream of increased -catenin dependent transcription (DiStefano 787 

et al. 2014), or via upregulation of KLF2/4 (Y. Wang et al. 2015). VEGF-A expression is also 788 

increased by oxidative stress via the activation of NADPH oxidases NOX2 and NOX4. In turn, 789 

increased VEGFR2 signaling promotes activation of NOX2 via activation PI3K, which subsequently 790 

activates the small GTPase Rac1 (Monaghan-Benson and Burridge 2009). Thus, VEGF signaling is 791 

a critical nexus for the effects of oxidative stress in the endothelium, and is a potential target for CCM 792 

treatment. 793 

Lastly, the MAPK cascades known to be activated upon deletion of CCM proteins are also 794 

regulated by ROS and oxidative stress, including p38MAPK (Usatyuk et al. 2003), JNK (Makarenko 795 

et al. 2014) and ERK5 (Foncea et al. 2000, Abe et al. 1996), and their activation has been shown to 796 

increase endothelial permeability downstream of ROS production. These parallel MAPK pathways 797 

are centrally regulated by CCM2, which binds to the respective upstream kinases MKK3 and MEKK3 798 

(Zhou et al. 2016, Uhlik et al. 2003). Indeed, CCM2 was originally identified as a scaffold protein 799 

for MEKK3 activation induced by hyperosmotic shock (Uhlik et al. 2003), and subsequently shown 800 

to bind the N-terminal regulatory domain of MEKK3 in a complex with KRIT1, thereby interfering 801 

with its activation by autophosphorylation and resulting in a negative regulation of MEKK3-802 

dependent signaling pathways, including the MEKK3-MEK5-ERK5 cascade (Cullere et al. 2015, 803 

Fisher et al. 2015, X. Wang et al. 2015). On the other hand, CCM2 deletion in endothelial cells leads 804 

to the spontaneous activation of MEKK3, owing to its ability to autophosphorylate critical residues 805 

necessary for its kinase activity (Fritz et al. 2006), with the consequent activation of ERK5 and 806 

downstream transcriptional program (Cullere et al. 2015). Remarkably, while these considerations 807 

suggest that MEKK3 activation requires the release of CCM2-dependent inhibitory restraint, there is 808 

compelling evidence that MEKK3 pathways can be activated by ROS independently of CCM2 809 

deficiency (Son et al. 2011). Thus, despite these ROS-dependent activatory effects are likely limited, 810 

although not prevented, by CCM2 binding to MEKK3, they may potentially synergize with the effects 811 

of loss-of-function mutations in CCM genes, leading to a dramatically enhanced and sustained 812 

activation of MEKK3 signaling. On the other hand, activation of the MEKK3 effector kinase 813 

BMK1/ERK5 appears to be an important compensatory response to increased endothelial ROS, and 814 

limits the endothelial response to inflammatory stimuli (K. Wu et al. 2013). Indeed, there is evidence 815 

that ERK5 can act as a rheostat for varying levels of ROS, as endothelial treatment with low, but not 816 

high, levels of H2O2 promotes angiogenesis in an ERK5-dependent manner (Jiang et al. 2017). 817 

Furthermore, besides ERK5 (Chao et al. 1999), MEKK3 signaling is known to regulate gene 818 

expression through other downstream effectors, including p38MAPK and JNK (Deacon and Blank 819 

1999), leading to the common activation of NF-κB-dependent transcription. 820 



ERK5 also activates members of the Krüppel-like factor (KLF) family of transcription factors, 821 

including KLF2 and KLF4, which are thought to mediate most of the vasoprotective effects of ERK5 822 

activation (Villarreal et al. 2010). KLF2/4 have been most commonly studied in the context of arterial 823 

endothelium, where they are up-regulated by shear stress, and confer vascular protection via 824 

regulation of gene programs that result in an anti-inflammatory, anti-coagulant, anti-adhesive, anti-825 

oxidant state of the endothelium, thus serving as guardians of endothelial health against various stress 826 

conditions, including oxidative stress and inflammation (Chen et al. 2015, Hamik and Jain 2012). 827 

However, the consequence of up-regulation of KLF2/4 in brain microvessels is less clear. KLF4 is 828 

up-regulated in models of ischemic stroke and protects against cerebrovascular injury, likely via 829 

promoting claudin-5 expression (X. Zhang et al. 2020). Similarly, KLF2 overexpressing mice are 830 

protected against ischemic stroke and express higher amounts of the tight junction protein occluding 831 

(Shi et al. 2013). On the other hand, in CCM models, MEKK3-dependent upregulation of KLF2/4 832 

has been associated with CCM lesion formation (Zhou et al. 2016) as well as with changes in 833 

intracellular signaling that may promote vascular dysfunction [e.g., increased 1 integrin activation 834 

(Renz et al. 2015), endothelial proliferation (Cuttano et al. 2016), and altered extracellular matrix 835 

deposition (Hong et al. 2020, Lopez-Ramirez et al. 2017)] (Table 1). However, it is noteworthy that 836 

only partial downregulation of MEKK3, including Map3k3 haploinsufficiency in mice and 40% 837 

MEKK3 knockdown by low dose morpholinos in zebrafish, was effective in rescuing cardiovascular 838 

phenotypes associated with loss of CCM signaling (Zhou et al. 2015, Zhou et al. 2016), which leaves 839 

the data open to alternative interpretation. In particular, the KRIT1 loss-dependent and MEKK3-840 

mediated upregulation of the anti-inflammatory transcription factors KLF2 and KLF4, two 841 

established and evolutionary conserved master regulators of endothelial homeostasis and defense 842 

against stressful conditions (Sweet et al. 2021), might be part of adaptive mechanisms that circumvent 843 

endothelial cell apoptosis by preventing positive feedback loops of abnormal ROS and inflammatory 844 

cytokine production. Indeed, similarly to the KRIT1 loss-dependent upregulation of the master 845 

antioxidant transcription factor NRF2 (Antognelli et al. 2018b, Antognelli et al. 2018a), the sustained 846 

upregulation of KLF2/4 and cytoprotective target genes might contribute to the ability of endothelial 847 

cells to counteract the development of a vicious circle between oxidative stress and inflammation, 848 

which would cause irreversible injury and subsequent cell death. Nonetheless, while preventing 849 

apoptosis, the chronic adaptive homeostasis promoted by cytoprotective transcription factors, 850 

including KLF2/4 and NRF2, may also cause side effects that eventually increase endothelial cell 851 

susceptibility to additional oxidative and inflammatory challenges (Antognelli et al. 2018a) (Figure 852 

6). Consistently, miR27a, which downregulates VE-cadherin expression, was shown to be activated 853 

downstream of increased KLF2/4 signaling in CCM depleted cells (Li et al. 2020). Furthermore, 854 



whereas there is evidence for synergistic activity of KLF and NRF2 transcription factors, which 855 

contributes to the expression of a cytoprotective transcriptome in endothelial cells (Fledderus et al. 856 

2008), it is also known that recurrent oxidative stress and inflammation lead to cumulative damages, 857 

maladaptation and ultimately disease pathogenesis, despite the existence of such cytoprotective 858 

mechanisms (Alleman et al. 2014). Although the above considerations provide a plausible solution, 859 

the apparent contradiction between the role of KLF2/4 in the formation of CCM and the 860 

vasoprotective role of these transcription factors in other in vivo disease models remains a puzzle. It 861 

may be an important puzzle to solve, however, as statins, HMG CoA reductase inhibitors widely used 862 

to treat coronary artery disease and under consideration for treatment of CCM, upregulate KFL2/4 863 

expression in at least some types of endothelial cells (K. Wu et al. 2013), and have demonstrated 864 

mixed effects in pre-clinical studies of CCM (Shenkar et al. 2017, Gibson et al. 2015). Furthermore, 865 

while a partial genetic downregulation of MEKK3/ERK5 signaling was effective at reducing lesion 866 

formation (Zhou et al. 2016), MEKK3 and ERK5 inhibitors have shown limited efficacy in pre-867 

clinical models (Zhou et al. 2016, Choi et al. 2018). 868 

 869 

4.3 Novel players in the CCM redox scenario 870 

Aside from the implication of the distinct pathways mentioned above, recent reports showed 871 

that activating mutations in genes encoding the PI3K catalytic subunit alpha (PI3KCA) and the 872 

serine/threonine kinase Akt (also known as protein kinase B) are frequently found in sporadic CCM 873 

tissues in the absence of mutations in known CCM genes, suggesting that CCM lesions may occur 874 

either dependently or independently of loss-of-function mutations in CCM genes (Peyre et al. 2021, 875 

Weng et al. 2021, Hong et al. 2021, Ren et al. 2021). Consistently, whereas we previously showed 876 

that KRIT1 loss-of-function causes activation of the PI3K/Akt signaling pathway and Akt-mediated 877 

downregulation of FoxO1 (Goitre et al. 2010), one of these studies demonstrated that gain-of-function 878 

mutations in PI3KCA can drive CCM lesion formation in mice, pointing to a crucial implication of 879 

the PI3K/Akt/mTOR signaling pathway (Ren et al. 2021). Indeed, it was also reported that inhibition 880 

of the mTOR complex 1 (mTORC1) by rapamycin was highly effective in reducing CCM lesion 881 

burden (Ren et al. 2021), a consequence originally suggested by our previous studies demonstrating 882 

that mTORC1 inhibition by rapamycin reverts the molecular and cellular hallmarks of CCM disease 883 

(Marchi et al. 2015, De Luca et al. 2018). Not surprisingly, the PI3K/Akt/mTOR pathway is clearly 884 

implicated in redox signaling and oxidative stress. In particular, PI3K stimulates NOX2 activation 885 

via Rac (Monaghan-Benson and Burridge 2009) and mTORC1 increases ROS generation and pro-886 

oxidant gene expression via activation of NF-κB (Reho et al. 2019). Conversely, it is well established 887 

that hyperactivation of the PI3K/Akt/mTOR signaling pathway can occur as a consequence of 888 



NOX/ROS-mediated oxidative inactivation of its negative regulator PTEN, a critical redox-sensitive 889 

phosphatase that dephosphorylates phosphatidylinositol (3, 4, 5)-trisphosphate (PIP3) to 890 

phosphatidylinositol (4, 5)-bisphosphate (PIP2), thereby leading to inhibition of PI3K-dependent 891 

signaling (K. L. Wu et al. 2013, Y. Zhang et al. 2020). Redox regulation of PTEN by ROS is due to 892 

the presence of a cysteine residue in the active site, which can be oxidized by peroxides forming an 893 

intramolecular disulfide bond, and actually plays a crucial role in cellular signaling (Nguyen Huu et 894 

al. 2021). Furthermore, PI3K/Akt signaling can be enhanced also by oxidative inhibition of the redox-895 

sensitive serine/threonine phosphatase PP2A, a negative regulator of Akt (Nguyen Huu et al. 2021, 896 

Raman and Pervaiz 2019) (Figure 4). 897 

In this context, our recent identification of potentially causative germline variants in PTEN and 898 

NOTCH3 genes in fCCM cases assumes considerable relevance (Benedetti et al. 2022). Indeed, loss-899 

of-function mutations or oxidative inactivation of PTEN have been shown to cause the 900 

hyperactivation of Akt and consequent modulation of its downstream targets, including activation of 901 

mTOR and inhibition of FoxO1, leading to increased angiogenic responses and enhanced cell 902 

sensitivity to oxidative stress (Lee et al. 2002, Kwon et al. 2004, K. L. Wu et al. 2013, Shen et al. 903 

2015, Y. Zhang et al. 2020, Nguyen Huu et al. 2021). In particular, there is evidence that oxidative 904 

inactivation of PTEN in response to increased production of mitochondrial H2O2 enhances PI3K/Akt 905 

signaling, leading to increased expression of VEGF and induction of the angiogenic switch, whereas 906 

PTEN overexpression prevents these effects (Connor et al. 2005). Accordingly, PTEN was reported 907 

to exert antioxidant effects by inactivating Akt and stimulating autophagy (Inglés et al. 2014, Kma 908 

and Baruah 2022, Chang et al. 2022). Remarkably, both mTOR activation and FoxO1 inhibition were 909 

originally demonstrated to be induced by loss-of-function of CCM proteins (Goitre et al. 2010, 910 

Marchi et al. 2015), suggesting that mTOR activation and FoxO1 inhibition consequent to mutational 911 

or oxidative inactivation of PTEN may indeed contribute to CCM disease pathogenesis. 912 

On the other hand, whereas the downregulation NOTCH signaling has been clearly linked to 913 

CCM protein loss-of-function effects and CCM disease pathogenesis (Wüstehube et al. 2010, You et 914 

al. 2013, Schulz et al. 2015), there is also evidence that such a downregulation is redox dependent 915 

and can be rescued by antioxidant treatment (Vieceli Dalla Sega et al. 2019). Consistently, it has been 916 

recently reported that NOTCH3 knockdown causes an increase in ROS and lipid peroxidation levels, 917 

accompanied by downregulation of glutathione peroxidase 4 (GPX4) and peroxiredoxin 6 (PRDX6) 918 

(Li et al. 2022). Furthermore, NOTCH3 mutations have been shown to cause NADPH oxidase 919 

(NOX5) activation, superoxide production, and aberrant upregulation of the RhoA/ROCK pathway, 920 

leading to altered actin cytoskeleton organization and impaired pericyte-endothelial interactions 921 

(Neves et al. 2019) as well as to increased cell sensitivity to stressful conditions, including oxidative 922 



stress (Takahashi et al. 2010). Intriguingly, the possibility that either NOTCH3 or PTEN inactivating 923 

mutations contribute to CCM disease pathogenesis and severity is consistent with the recent discovery 924 

that NOTCH3 can transactivate PTEN and inhibit the PTEN downstream Akt/mTOR pathway (Zhang 925 

et al. 2021). 926 

Overall, the recent identification of putative causative mutations in genes distinct from the three 927 

known CCM genes suggest that the genetic basis of CCM disease can be more complex than 928 

previously thought. On the other hand, taken together with the existing evidence that the proteins 929 

encoded by CCM genes and other genes so far associated with CCM disease share a common 930 

involvement in cellular redox homeostasis and/or signaling, the emerging complexity of CCM disease 931 

pathophysiology points to a unifying scenario where ROS and redox mechanisms take center stage 932 

to orchestrate the underlying molecular symphony. 933 

Besides expanding the spectrum of potential causative genes linked to CCM disease, the recent 934 

findings described above raise also the intriguing hypothesis that CCM lesions may arise 935 

independently of gene mutations, mainly as a consequence of a combination between inter-individual 936 

genetic variability in sensitivity to oxy-inflammatory conditions and local increases in such 937 

conditions. Consistently, distinct genetic modifiers of endothelial cell responses to oxidative stress 938 

and inflammation, including polymorphic variants of distinct members of the CYP, MMP and TLR4 939 

gene families, have been reported to impact the onset and severity of CCM disease (Hong et al. 2021, 940 

Fisher et al. 2020, Glading and Ginsberg 2010, Marchi et al. 2016a). Furthermore, whereas recent 941 

studies demonstrate that mutations in CCM genes rarely occur in human sporadic CCM lesions 942 

(Perrelli and Retta 2021, Choquet et al. 2015, Tournier-Lasserve 2020), we have recently suggested 943 

a major role for pro-inflammatory microenvironmental conditions generated by cerebral 944 

developmental venous anomalies (DVAs) in the secondary formation of sporadic CCM lesions, 945 

which are frequently associated with DVAs (Benedetti et al. 2022). In this context, it is noteworthy 946 

that the possibility that sporadic CCM lesions may develop independently of CCM gene mutations is 947 

also supported by the recent evidence that somatic mutations in CCM genes are rarely detected in the 948 

surgical specimens of human sporadic CCM lesions (Perrelli and Retta 2021, Choquet et al. 2015, 949 

Tournier-Lasserve 2020). Distinct genetic modifiers of endothelial cell responses to oxidative stress 950 

and inflammation, including polymorphic variants of distinct members of the CYP, MMP and TLR4 951 

gene families, have been indeed reported to impact the severity of CCM disease (Hong et al. 2021, 952 

Fisher et al. 2020, Glading and Ginsberg 2010, Marchi et al. 2016a). 953 

While further studies are required to address and clarify the role of the emerging new players 954 

in the complex molecular scenario underlying CCM disease pathogenesis, the comprehensive redox-955 



centered view provided by this review may pave the way forward to exploring their potential 956 

relationships. 957 

 958 

4.4 A redox-centered view of the action of current therapeutic candidates for CCM disease 959 

Overall, while the rescue of CCM-deficient phenotypes in cellular and animal models by a 960 

variety of novel or repurposed therapeutic candidates demonstrates a causal role for multiple 961 

signaling pathways in CCM disease pathogenesis, accumulated evidence suggests that such a rescue 962 

could be secondary to the normalization of defective autophagy and adaptive oxy-inflammatory 963 

responses. In turn, this may point to the need of any potential CCM treatment to promote such a 964 

normalization, and suggests that therapeutic evaluation of potential CCM treatments should 965 

incorporate assessment of their effect on redox homeostasis and signaling. Accordingly, the different 966 

therapeutic candidates for CCM disease proposed so far, including statins, fasudil, tempol, vitamin 967 

D, sulindac metabolites, rapamycin and propranolol, share potent antioxidant, anti-inflammatory, 968 

and/or pro-autophagic activities (Table 2), suggesting that their reported effectiveness in limiting 969 

CCM lesion formation and severity may be related to such properties (Retta et al. 2020, Perrelli et al. 970 

2021, Marchi et al. 2016b). In particular, these biological activities are clearly exhibited by both 971 

atorvastatin (Lipitor) and propranolol, the two therapeutic candidates that are currently tested in 972 

exploratory clinical trials (Polster et al. 2018, Lanfranconi et al. 2020). In fact, it is well established 973 

that statins, including atorvastatin, promote potent systemic antioxidant and anti-inflammatory effects 974 

(Shishehbor et al. 2003, Davignon et al. 2004, Pignatelli et al. 2012), and can activate autophagy via 975 

the Akt/mTOR pathway (W. Wang et al. 2015, Zhang et al. 2012). Similarly, propranolol has potent 976 

antioxidant and anti-inflammatory capacities (Mak and Weglicki 2004, Lin et al. 2020), which are 977 

crucial for its anti-angiogenic activities (Lopes-Coelho et al. 2021), and has been shown to exert a 978 

protective effect against apoptosis by triggering autophagy (Zhao et al. 2020). 979 

 980 

5. Concluding remarks and future perspectives 981 

Since its original identification as an interactor of the small GTPase Rap1 (Serebriiskii et al. 982 

1997), and the subsequent discovery of its implication in CCM disease pathogenesis (Laberge-le 983 

Couteulx et al. 1999, Sahoo et al. 1999), KRIT1 has progressively emerged as a key player in multiple 984 

molecular and cellular mechanisms involved in the maintenance of endothelial barrier integrity and 985 

function (Retta et al. 2020). Consistent with its pleiotropic functions, KRIT1 has been implicated in 986 

the functional modulation of various signaling proteins and transcription factors, including VE-987 

cadherin/β-catenin, β1 integrin, RhoA/ROCK, NOTCH, VEGF/VEGFR2, TGF-β/BMP, NOXs, 988 

MAPKs, mTOR, KLFs, FoxO1, c-Jun, NF-κB, and NRF2 (Retta et al. 2020) (Table 1). However, the 989 



mechanistic interconnection and causal prioritization between these molecular and cellular functions 990 

of KRIT1 have remained largely elusive. On the other hand, a unifying perspective has been unlocked 991 

over the past decade by original discoveries in cellular and animal models demonstrating a major 992 

involvement of KRIT1 in redox biology and suggesting that its loss-of-function affects redox-993 

sensitive mechanisms that orchestrate the crosstalk between cadherins and integrins, including the 994 

NOX/ROS-dependent signaling network involved in AJ, FA and actin cytoskeleton dynamics (Goitre 995 

et al. 2010, Retta and Glading 2016, Retta et al. 2020) (Figure 6).  996 

In this review we provide compelling evidence that virtually all the multiple signaling pathways 997 

and mechanisms hitherto implicated in KRIT1 functions and dysfunctional effects associated with 998 

CCM disease pathogenesis are redox-sensitive and may occur in a coordinated fashion through the 999 

pleiotropic action of redox signaling. In this light, it is now becoming clear that most effects of KRIT1 1000 

loss-of-function are part of an abnormal adaptive response to impaired redox homeostasis and 1001 

defective autophagy (Retta and Glading 2016), including the sustained upregulation of transcription 1002 

factors known to be cytoprotective in normal conditions, such as KLF2/4 (Cuttano et al. 2016, Zhou 1003 

et al. 2016) and NRF2 (Antognelli et al. 2018b, Antognelli et al. 2018a) (Figure 6). In fact, growing 1004 

evidence suggests that the persistent activation of antioxidant and anti-inflammatory transcription 1005 

factors, including NRF2 and KLFs, can result in abnormal adaptive responses that paradoxically 1006 

sustains oxidative stress effects despite the concomitant enhancement of antioxidant defenses, leading 1007 

to increased cell susceptibility to additional oxidative and inflammatory insults and consequent 1008 

pathological conditions (Antognelli et al. 2018a, Zucker et al. 2014, Retta and Glading 2016). 1009 

Consistently, there is compelling evidence that when ROS levels deviate uncontrollably either above 1010 

or below physiological thresholds, they may adversely affect cells and organisms, causing 1011 

pathological conditions (Yu et al. 2014, Korge et al. 2015, Handy and Loscalzo 2017, Xiao and 1012 

Loscalzo 2020, Schieber and Chandel 2014). This may explain some of the negative results from 1013 

clinical trials in which large doses of exogenously administered antioxidants or hyperactivation of 1014 

antioxidant pathways with electrophilic therapeutics failed to improve outcomes of vascular diseases 1015 

or resulted in negative effects (Dodson et al. 2015, Johansen et al. 2005, Xiao and Loscalzo 2020). 1016 

The hormetic physiological response to ROS should be therefore carefully considered when 1017 

interpreting experimental results and developing therapeutic strategies for CCM, including 1018 

approaches based on the administration of pharmacological compounds endowed with antioxidant 1019 

properties (Dodson et al. 2015, Johansen et al. 2005) (Figure 7). Emerging evidence demonstrates in 1020 

fact that only intermediate levels and moderate activation of major regulators of antioxidant 1021 

responses, including cytoprotective transcription factors and autophagy, are beneficial, with either 1022 

excessive or insufficient activation being instead deleterious (Dodson et al. 2015, Vomund et al. 2017, 1023 



Forte et al. 2017) (Figure 7). These considerations may also explain the apparent paradox that both 1024 

loss-of-function (Fisher et al. 2015) and gain-of-function (Zhou et al. 2016) of MEKK3, a major 1025 

upstream regulator of KLF2/4, result in similar effects, including increased Rho/ROCK activity, 1026 

impairment of neurovascular integrity, and brain blood vessel leakage, while intermediate levels seem 1027 

to be beneficial for the homeostasis of brain vasculature (Zhou et al. 2016). 1028 

Regardless, the above considerations highlight the complexity of developing therapies that 1029 

affect the intricately connected redox systems. Despite the potential beneficial effects of antioxidant 1030 

and pro-autophagic compounds, precision medicine approaches are strictly required to ensure that 1031 

activation of antioxidant responses and autophagy are restrained to moderate, protective levels 1032 

(Dodson et al. 2015, Forte et al. 2017). In this light, combination therapy strategies based on the target 1033 

delivery and controlled release of both antioxidant and pro-autophagic compounds through 1034 

nanotechnology approaches might represent a promising option for a safe and effective 1035 

pharmacological treatment (Retta et al. 2020, Perrelli et al. 2021). Future studies aimed at a better 1036 

understanding of adaptive cellular control systems and hormetic responses to ROS and oxidative 1037 

stress, including the role of CCM genes in the regulation of the complex interplay between autophagy, 1038 

cytoprotective transcription factors, and oxy-inflammatory responses, should facilitate the 1039 

development of innovative therapeutic strategies that maintain redox systems within the "Goldilocks 1040 

Zone" (Alleman et al. 2014), thus avoiding adverse outcomes (Figure 7).  1041 
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AP-1  activator protein 1 1044 

ASK-1  apoptosis signal-regulating kinase 1 1045 
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CCM  Cerebral Cavernous Malformation 1048 

DAMPs damage associated molecular patterns 1049 
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NOX  NADPH oxidase 1066 

NRF2  nuclear factor E2-related factor 2 1067 
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TGF-β  transforming growth factor-beta 1078 
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TNF-α  tumor necrosis factor-α 1081 
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VEGF  vascular endothelial growth factor 1083 
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