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Abstract

Cerebral cavernous malformation (CCM) is a cerebrovascular disease of genetic origin affecting 0,5%
of the general population. It is characterized by clusters of abnormally dilated and leaky capillaries
that predispose to seizures, focal neurological deficits and intracerebral hemorrhage. CCM is caused
by loss-of-function mutations in three genes: KRIT1, CCM2 and CCM3. Growing evidence
demonstrates that KRIT1 protein has pleiotropic effects in cellular homeostasis and defense against
oxidative stress and inflammatory conditions, including cell-cell and cell-matrix adhesion,
cytoskeleton dynamics, autophagy, redox homeostasis and signaling, and antioxidant and anti-
inflammatory responses, pointing to multiple and complex pathogenic effects of KRIT1 loss-of-
function. Among others, we demonstrated that KRIT1-loss induces a redox-sensitive sustained
upregulation of Nrf2 and Glol, and a reduction in intracellular levels of MG-modified Hsp70 and
Hsp27 proteins. Moreover, it affects the glutathione (GSH) redox system, causing a deficit in the
GSH-mediated antioxidant capacity. Overall, these effects lead to a chronic adaptive redox
homeostasis that counteracts intrinsic oxidative stress but increases susceptibility to oxidative DNA
damage and apoptosis, thus sensitizing cells to further oxidative challenges. Consistently, redox
proteomic analyses showed an increased S-glutathionylation of distinct proteins involved in adaptive
responses to oxidative stress, including redox-sensitive chaperonins, metabolic enzymes, and
cytoskeletal proteins. In addition, we investigated the signaling pathway that regulates KRIT1
functions, including its nucleocytoplasmic shuttling, identifying a key role for protein kinase C
(PKC). In particular, we found that PKC activation promotes the cytoplasmic localization of KRIT1,
whereas its inhibition leads to KRIT1 nuclear accumulation. Moreover, we demonstrated that the N-
terminal region of KRIT1 is crucial for its PKC-dependent nucleocytoplasmic shuttling , and may be
atarget for PKC-dependent regulatory phosphorylation events. Regarding the therapeutic approaches,
which are currently lacking, we developed and tested the efficacy of two alternative combinatorial
drug delivery strategies based on platinum and lipid nanoparticles conjugated with different drugs
known to rescue molecular and cellular phenotypes of CCM disease. Our results show that the
combinatorial targeting of redox signaling and autophagy dysfunctions is effective in rescuing major
hallmarks of CCM disease, suggesting its potential for the treatment of this disease. Taken together,
our results suggest a major role for redox-sensitive mechanisms in KRIT1 pleiotropic functions and
CCM disease pathogenesis, and provide a novel framework for the development of innovative

pharmacological strategies to prevent or reverse adverse clinical outcomes of CCM lesions.
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1. Introduction

Cerebral Cavernous Malformation (CCM, OMIM 116860), also known as cavernous angioma or
cavernoma, is a major vascular dysplasia with a prevalence of 0.5% in the general population, thus
affecting approximately 35 million people worldwide (Rigamonti 2011, Fontanella 2015, Flemming
2017). It consists of closely clustered, abnormally dilated and leaky sinusoidal capillaries (caverns)
lined by a thin endothelium and devoid of normal vessel structural components, such as pericytes and
astrocyte foot processes, that histologically appear as multilobate "mulberry-like™ vascular lesions
(Zhang, Clatterbuck et al. 2001, Tanriover, Sozen et al. 2013). Diagnosis is commonly made by
standard spin-echo magnetic resonance imaging (MRI) at 1.5-, 3- or 7-Tesla, which can effectively
detect well circumscribed CCM lesions; however, the unmasking of small lesions is far more likely
via gradient-echo (GRE) or susceptibility-weighted imaging (SWI1) (Cooper, Campeau et al. 2008, de
Souza, Domingues et al. 2008, Campbell, Jabbour et al. 2010). Notably, the prevalence of CCM
disease continues to rise worldwide due to the increased detection of CCM lesions by the widespread
use of MRI (Moore, Brown et al. 2014). CCM lesions are predominantly found in the central nervous
system (CNS), including brain and spinal cord, but are also known to affect retina, skin and liver.
Within the brain, CCM can occur as single or multiple lesions (up to hundreds), ranging in size from
a few millimeters to a few centimeters, which can remain clinically silent for a lifetime or
unpredictably give rise to clinical symptoms of various type and severity at any age, including
recurrent headaches, focal neurological deficits, seizures, stroke, and even fatal intracerebral
hemorrhage (ICH) (Batra, Lin et al. 2009, Rigamonti 2011, Fontanella 2015, Flemming 2017).
Indeed, despite the high prevalence of CCM lesions, only approximately 30% of affected people will
eventually develop clinical symptoms, which are extremely variable and highly unpredictable,
suggesting that CCM disease onset and severity may depend on the combinatorial contribution of
multiple genetic and environmental risk factors (Trapani and Retta 2015, Retta and Glading 2016,
Flemming 2017).

CCM is a disease of proven genetic origin that may arise sporadically or is inherited as an autosomal
dominant condition with incomplete penetrance and highly variable expressivity (Cavalcanti, Kalani
et al. 2012, Choquet, Pawlikowska et al. 2015). The sporadic form (sCCM) accounts for up to 80%
of cases and is characterized by a lack of family history of the disease and the general presence of a
single lesion on MRI. On the other hand, the familial form (fCCM) accounts for at least 20% of cases
and is often characterized by the presence of multiple CCM lesions in the brain, which may show
progression in both number and size over time (Choquet, Pawlikowska et al. 2015, Zafar, Quadri et
al. 2019). Notably, while in SCCM cases a CCM lesion is frequently observed in close association

with a developmental venous anomaly (DVA), such association has never been observed in fCCM
4



cases, suggesting the possibility of a different developmental mechanism (Petersen, Morrison et al.
2010, Meng, Bai et al. 2014, Brinjikji, EI-Masri et al. 2017). Human genetic studies have so far
identified three genes whose heterozygous loss-of-function mutations are linked to CCM disease:
CCM1 (KRIT1), CCM2 (MGC4607) and CCM3 (PDCD10) (Choquet, Pawlikowska et al. 2015). In
particular, KRIT1 mutations have been associated with over 50% of all familial cases (Choquet,
Nelson et al. 2014). However, both clinical reports and accumulating evidence in animal models
clearly demonstrate that homozygous loss of CCM genes is not fully sufficient to cause CCM lesion
formation and disease progression, suggesting the necessary contribution of additional determinants,
including microenvironmental stress events and interindividual variability in stress responses (Retta
and Glading 2016, Retta, Perrelli et al. 2020). Consistently, the clinical behavior in individual
patients, including the development of numerous and large lesions, and the risk of serious
complications, such as ICH, remains highly unpredictable even among family members carrying the
same CCM mutation (Trapani and Retta 2015). Indeed, although advances in the understanding of
CCM disease pathophysiology have been significant, to date there are no direct therapeutic
approaches besides the surgical removal of accessible lesions (Fontanella and Bacigaluppi 2015). A
comprehensive understanding of the physiopathological functions of CCM proteins remains therefore
a major research challenge for the effective development of preventive and therapeutic strategies.
Accumulated evidence points to KRIT1 (Krev-interaction trapped protein 1) as a major regulator of
endothelial cell homeostasis and function. KRIT1 is a multidomain scaffold protein shown to form
functional complexes with distinct proteins, including CCM2 and CCM3 — the other two proteins
associated with CCM disease — as well as ICAP1, Rapl, Hegl, and Nd1-L (Zhang, Clatterbuck et al.
2001, Zhang, Rigamonti et al. 2007). Indeed, there is evidence that KRIT1 forms a signaling platform
that plays a key role in the maintenance of endothelial cell-cell junction stability and blood-brain
barrier (BBB) integrity by regulating multiple mechanisms (Retta and Glading 2016, Retta, Perrelli
et al. 2020). Among others, KRIT1 has been shown to regulate cadherin-mediated cell—cell junctions
(Glading, Han et al. 2007), integrin-mediated cell-matrix adhesion (Faurobert, Rome et al. 2013, Liu,
Draheim et al. 2013, Macek Jilkova, Lisowska et al. 2014), Rho GTPase-mediated cytoskeleton
dynamics (Whitehead, Chan et al. 2009, Stockton, Shenkar et al. 2010), Delta-Notch signaling
(Waustehube, Bartol et al. 2010, Schulz, Wieland et al. 2015, Vieceli Dalla Sega, Mastrocola et al.
2019), vascular endothelial growth factor (VEGF) signaling (DiStefano, Kuebel et al. 2014), and
mechano-transduction pathways mediated by blood flow-sensitive transcription factors of the
Kruppel-like factor (KLF) family (Renz, Otten et al. 2015). On the other hand, original findings by
our group have clearly demonstrated that these pleiotropic functions are a consequence of the main

role that KRIT1 plays in the modulation of intracellular redox homeostasis and signaling, including
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the regulation of redox-sensitive signaling pathways and mechanisms involved in cellular adaptive
responses to oxidative stress and inflammation, such as pro-oxidant and antioxidant pathways and
autophagy (Goitre, Balzac et al. 2010, Goitre, De Luca et al. 2014, Marchi, Corricelli et al. 2015,
Marchi, Retta et al. 2016, Marchi, Trapani et al. 2016, Retta and Glading 2016, Goitre, DiStefano et
al. 2017, Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018, Cianfruglia, Perrelli et al.
2019, Antognelli, Perrelli et al. 2020, Retta, Perrelli et al. 2020). In particular, it was found that KRIT1
loss of function induces an increase in intracellular levels of reactive oxygen species (ROS) via
downregulation of FOXOL1, a master transcriptional regulator of major antioxidant genes, such as
superoxide dismutase 2 (SOD2, also known as MnSOD) (Goitre, Balzac et al. 2010). Furthermore, it
was demonstrated that KRIT1 loss of function leads to defective autophagy, and here we show that it
also induces a sustained Nrf2-mediated adaptive redox homeostasis, resulting in cellular dysfunctions
and enhanced sensitization to oxidative stress and inflammatory insults (Marchi, Corricelli et al. 2015,
Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018, Cianfruglia, Perrelli et al. 2019,
Antognelli, Perrelli et al. 2020). These findings have thus pointed towards a novel unifying
mechanistic scenario based on redox homeostasis and signaling, which reconciles all the pleiotropic
physiopathological functions of KRIT1 proposed so far (Marchi, Trapani et al. 2016, Retta and
Glading 2016, Retta, Perrelli et al. 2020).

Useful insights into molecular mechanisms underlying the biological roles of KRIT1 have been
derived from the functional characterization of its structural motifs and domains, including the
identification of specific interacting proteins. In particular, KRIT1 is a 736 amino acid protein that
contains distinct protein-protein interaction domains, including a Nudix domain and three NPXY/F
motifs within the N-terminal region, four central ankyrin repeats, and a C-terminal clover-shaped
FERM domain (Fisher and Boggon 2014, Zhang, Li et al. 2015). This FERM domain is composed of
three structurally unrelated subdomains (lobes F1, F2, and F3) featuring a ubiquitin-like fold, a four-
helix bundle, and a phosphotyrosine binding (PTB)-like domain, respectively. Collectively, these
multiple motifs, domains, and subdomains form various binding sites for distinct interaction partners
(Draheim, Fisher et al. 2014, Fisher and Boggon 2014, Zhang, Dubey et al. 2017). As mentioned
above, known binding partners of KRIT1 include integrin cytoplasmic domain—associated protein 1o
(ICAP1a) (Zhang, Clatterbuck et al. 2001, Zawistowski, Serebriiskii et al. 2002, Liu, Draheim et al.
2013), CCM2 (Zawistowski, Stalheim et al. 2005, Zhang, Rigamonti et al. 2007, Fisher, Liu et al.
2015), sorting nexin 17 (SNX17) (Czubayko, Knauth et al. 2006, Stiegler, Zhang et al. 2014), the
actin cytoskeleton-stabilizing protein Nd1-L (Guazzi, Goitre et al. 2012), the membrane anchor
protein heart of glass 1 (HEG1) (Kleaveland, Zheng et al. 2009, Gingras, Liu et al. 2012, Gingras,



Puzon-McLaughlin et al. 2013), and the small GTPase Rapl (Serebriiskii, Estojak et al. 1997, Li,
Zhang et al. 2012, Gingras, Puzon-McLaughlin et al. 2013).

KRIT1 has been found in multiple cellular and subcellular compartments, including microtubules,
cell boundaries and cell—cell junctions, and the nucleus (Béraud-Dufour, Gautier et al. 2007, Glading,
Han et al. 2007, Glading and Ginsberg 2010, Liu, Rigamonti et al. 2011, Draheim, Huet-Calderwood
et al. 2017). Indeed, the interactions between KRIT1 and corresponding binding partners appear to
regulate KRIT1 trafficking between microtubules and the plasma membrane (Béraud-Dufour, Gautier
et al. 2007, Liu, Rigamonti et al. 2011), or between the cytoplasm and the nucleus (Zawistowski,
Stalheim et al. 2005, Zhang, Rigamonti et al. 2007, Francalanci, Avolio et al. 2009, Draheim, Huet-
Calderwood et al. 2017, Su, Simon et al. 2020), respectively. Furthermore, we and others have also
shown that KRIT1 can form intramolecular interactions between its N-terminal NPXY/F motifs and
the C-terminal FERM domain (Béraud-Dufour, Gautier et al. 2007, Francalanci, Avolio et al. 2009).
Specifically, it has been found that KRIT1 may adopt a closed conformation through a head-to-tail
intramolecular interaction involving the third NPXY/F motif at the N-terminus and the PTB
subdomain of the FERM domain at the C-terminus (Francalanci, Avolio et al. 2009). This suggested
a novel mechanism whereby a signal-regulated conformational switch from the closed to the open
state dictates KRIT1 nucleocytoplasmic shuttling and intermolecular interactions, thus presumably
impacting its functions (Francalanci, Avolio et al. 2009). Nevertheless, the upstream regulatory
proteins and signaling mechanisms that control the subcellular localization of KRIT1 remain to be
defined. Among the potential upstream regulators of KRIT1 nucleocytoplasmic shuttling, we focused
our attention on members of the protein kinase C (PKC) family of serine/threonine kinases, including
PKC isoforms known to play pleiotropic roles in the control of physiological and pathological
responses to oxidative stress and inflammation (Gopalakrishna and Jaken 2000, Inoguchi, Sonta et
al. 2003, Yan, Li et al. 2008, Giorgi, Agnoletto et al. 2010, Scoditti, Nestola et al. 2014, Steinberg
2015).

Despite the knowledge of different CCM disease phenotypes and pathogenic mechanisms, to date
neurosurgical removal of accessible lesions is the only direct therapeutic approach (Fontanella and
Bacigaluppi 2015). On the other hand, novel therapeutic approaches aimed at rescuing major
molecular and cellular dysfunctions underlying CCM disease pathogenesis and severity are currently
emerging, being based mainly on compounds endowed with either antioxidant or autophagy
stimulating properties or both. Specifically, well-established antioxidant compounds, such as
resveratrol (Carrizzo, Forte et al. 2013), statins (Vaughan and Delanty 1999, Di Napoli 2004), and
the SOD-mimetic Tiron (Antognelli, Trapani et al. 2018), display powerful ROS scavenging and pro-
autophagic activities (Wang, Li et al. 2018, Ashrafizadeh, Ahmadi et al. 2020). Furthermore, well-
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known autophagy stimulators, including rapamycin and Torinl (Marchi, Corricelli et al. 2015), have
been shown to rescue defective autophagy in cellular models of CCM disease, reducing mitochondrial
dysfunction and significantly decreasing oxidative stress (Lesniewski, Seals et al. 2017, De Luca,
Pedone et al. 2018, Di Domenico, Tramutola et al. 2019, Zhuang, Wang et al. 2020). Recently, also
vitamin D and avenanthramides have been suggested as potential innovative therapeutic approaches
for CCM disease (Gibson, Zhu et al. 2015, Goitre, DiStefano et al. 2017, Finetti, Moglia et al. 2018,
Perrelli, Goitre et al. 2018, Kim, Perrelli et al. 2020). Indeed, the health benefits of natural
avenanthramide from oats have been attributed to their antioxidant, anti-inflammatory, and anti-
proliferative activities, suggesting their potential implication for prevention and treatment of different
human diseases, including cardiovascular and cerebrovascular pathologies, inflammation- and
oxidative stress-related diseases, and cancer (Moglia, Goitre et al. 2015, Finetti, Moglia et al. 2018,
Perrelli, Goitre et al. 2018). Also, the effectiveness of vitamin D is related to its ability to promote
endothelial barrier function and inhibit peripheral vascular diseases by stimulating autophagy and
reducing oxidative stress and inflammatory events, including the production of ROS,
lipopolysaccharides, and inflammatory cytokines (Gibson, Davis et al. 2015, Kim, Perrelli et al.
2020). These findings opened novel preventive and therapeutic perspectives for CCM disease
treatment, suggesting that a promising possibility is the development of a multitargeted combinatorial
treatment that simultaneously and synergistically counteract both increased oxidative stress and
defective autophagy. To address this possibility, we exploited rapamycin-functionalized platinum
nanoparticles (Pt NPs) to develop a multifunctional nanocarrier (De Luca, Pedone et al. 2018), which
combines the intrinsic antioxidant activity of Pt NPs (Moglianetti, De Luca et al. 2016, Pedone,
Moglianetti et al. 2017) with the autophagy-stimulating activity of rapamycin (Marchi, Corricelli et
al. 2015). Furthermore, we focused on an alternative combinatorial drug delivery approach based on
solid lipid nanoparticles (SLN, also known as intralipid -IL-). Indeed, there is evidence that lipid
nanoparticles, including ILs, are well-suited for the nose-to-brain delivery of therapeutic compounds
(Gastaldi, Battaglia et al. 2014, Battaglia, Panciani et al. 2018). In particular, lipid nanoparticulate
systems are characterized by high biocompatibility, drug payload, controlled drug release, solvent-
free and easy to scale-up preparation methods, and could therefore be employed for the targeted nose-
to-brain delivery of therapeutic candidates for CCM disease (Mulder, Strijkers et al. 2004, Saraiva,
Praga et al. 2016, Tapeinos, Battaglini et al. 2017, Teixeira, Lopes et al. 2020). A preliminary
multitarget combinatorial therapy approach based on the formulation of biocompatible lipid
nanoparticles loaded with distinct therapeutic candidates for CCM disease, including
avenanthramide, rapamycin and bevacizumab, has already been carried out, leading to promising

results.



Overall, the major aims of this thesis were to extend the knowledge of the intricate mechanistic
scenario underlying CCM disease pathogenesis, including the emerged major role of the redox-
dependent pleiotropic effects associated with KRIT1 loss-of-function, by exploiting the availability
of specific cellular models. Furthermore, we attempted to develop innovative nanomedicine strategies

based on combinatorial and targeted therapeutic approaches.

2. Results

2.1 KRIT1 loss-of-function induces a chronic Nrf2-mediated adaptive homeostasis that sensitizes

cells to oxidative stress

To gain further insights into the role of KRIT1 in redox-sensitive pathways and mechanisms
underlying cell defense against oxidative stress, we tested the effects of KRIT1 loss-of-function on
the expression levels of Glyoxalase 1 (Glol), a major redox-dependent cytoprotective enzyme
involved in distinct cellular responses to oxidative stress, including induction of epithelial-to-
mesenchymal transition (EndMT) and apoptosis (Antognelli, Gambelunghe et al. 2014, Antognelli,
Palumbo et al. 2014, Antognelli, Gambelunghe et al. 2015, Antognelli, Gambelunghe et al. 2016). To
this end, we took advantage of established cellular models of CCM disease, including KRIT1-
knockout MEF cells and KRIT1-silenced human brain microvascular endothelial cells (h BMEC),
which previously allowed the identification of new molecules and mechanisms involved in KRIT1
physiopathological functions, opening novel therapeutic perspectives for CCM disease (DiStefano,
Kuebel et al. 2014, Gibson, Zhu et al. 2015, Moglia, Goitre et al. 2015, Moglianetti, De Luca et al.
2016). Compared with wild-type (K+/+) and KRIT1-/— MEFs re-expressing KRIT1 (K9/6) cells,
KRIT1-/— (K—/-) cells displayed a significantly higher expression of Glo1 both at protein and mMRNA
levels, suggesting that KRIT1 loss induces the upregulation of Glol expression (Fig. la-c). Glol
plays a key role in limiting intracellular accumulation of methylglyoxal (MG), thereby modulating
the formation and effects of MG-derived protein glycation adducts. Among these, argpyrimidine (AP)
has been shown to play a dual role in the regulation of important cellular processes, including opposite
effects on the apoptotic process, depending on its concentration and the cell context. Specifically,
high levels of AP can promote cell death, whereas physiological levels are required to drive major
cell survival mechanisms (Sakamoto, Mashima et al. 2002, Schalkwijk, van Bezu et al. 2006). Thus,
we addressed the possibility that the KRIT1 loss-dependent increase in Glol expression was
accompanied by a decrease in the intracellular levels of AP adducts. To this end, AP levels in protein
extracts from K—/—, K+/+ and K9/6 cells were analyzed by Western Blot with an antibody specifically
directed against AP adducts. As a result, we detected two major bands with an approximate molecular
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weight of 70 and 27 kDa, whose intensity was lower in K—/— compared to K+/+ and K9/6 cells,
indicating that the KRIT1 loss-dependent increase in Glol expression and activity was indeed
accompanied by a drop in the intracellular levels of AP adducts (Fig. 1d) (Antognelli, Trapani et al.
2018, Antognelli, Trapani et al. 2018). Moreover, in line with experimental observations in K—/—
MEF cells, we found that Glol was significantly upregulated in KRIT1-silenced versus control
hBMEC cells both at protein (Fig. 2a), mRNA (Fig. 2b), and specific activity (Fig. 2c) levels.
Furthermore, these events were accompanied by an increase in intracellular levels of oxidative species
(Fig. 2d), and a reduced formation of MG-derived AP adducts (Fig. 2e), demonstrating that the
upregulation of Glo1 and the downregulation of AP adducts induced by the loss-of-function of KRIT1
can occur in different cellular models, including brain microvascular endothelial cells. Then, to clarify
the molecular mechanism underlying the KRIT1 loss-dependent and redox-sensitive upregulation of
Glol, we investigated the possible involvement of Nrf2, the master transcription factor that
coordinately regulates cellular defenses against oxidative stress through the induction of genes coding
for antioxidant and detoxification enzymes, including Glol. To this end, nuclear and cytoplasmic
extracts of K—/—, K+/+ and K9/6 cells were analyzed to examine the activation of Nrf2 by WB
assessment of its nuclear translocation. Indeed, an increased accumulation in the nucleus is a key part
of the Nrf2 activation mechanism in stress conditions (Kaspar, Niture et al. 2009, Bryan, Olayanju et
al. 2013). The outcomes of these experiments demonstrated that the nuclear to cytoplasmic ratio of
Nrf2 was significantly higher in K—/— than K+/+ and K9/6 cells, suggesting that Nrf2 is activated in
response to the loss-of-function of KRIT1. Furthermore, consistent with the established
transcriptional control of Glo1 by Nrf2 (Xue, Rabbani et al. 2012), the increased nuclear translocation
of Nrf2 in K—/— versus K+/+ and K9/6 cells reflected the upregulation of Glol mRNA and protein
levels (Fig. 3a), suggesting that KRIT1 loss-of-function leads to a sustained upregulation of the Nrf2-
Glo1l antioxidant pathway. To test whether the observed activation of Nrf2 was a consequence of the
increase in intracellular ROS levels associated with KRIT1 loss-of-function, we analyzed the effects
of cell treatment with the ROS scavenger Tiron, using nuclear c-Jun and phospho-c-Jun (P-c-Jun) as
controls (Goitre, De Luca et al. 2014). Indeed, we previously demonstrated that nuclear levels of the
phosphorylated active form of c-Jun, a critical component of the redox-sensitive dimeric transcription
factor complex AP-1 (activating protein 1), are upregulated by KRIT1 loss-of-function in a redox-
dependent manner (Goitre, De Luca et al. 2014). Data showed that the antioxidant Tiron rescued both
c-Jun and Nrf2 activation occurring in K—/— cells near to levels of K+/+ and K9/6 cells, demonstrating
that these activations were redox-sensitive events linked to KRIT1 loss-of-function. Notably, the
Tiron-mediated reduction of Nrf2 nuclear levels (Fig. 3b) reflected a correspondent downregulation

of Glol, which is consistent with the reported redox-sensitive transcriptional regulation of Glol
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expression mediated by Nrf2 (Xue, Rabbani et al. 2012). Furthermore, consistent with the activation
of Nrf2, we found that the increased nuclear translocation of Nrf2 induced by KRIT1 loss-of-function
was associated with the upregulation of heme oxygenase-1 (HO-1) (Fig. 3c), an established
Nrf2/ARE-regulated phase Il antioxidant and detoxification enzyme that is primarily involved in
cytoprotection against oxidative stress-induced cellular damage and apoptosis in various tissues,
including the vasculature (Morse, Lin et al. 2009, Loboda, Damulewicz et al. 2016, McSweeney,
Warabi et al. 2016). Specifically, Western blot analysis showed a marked increase in the expression
levels of HO-1 in K—/— cells as compared with K9/6 cells (Fig. 3c), which was significantly reduced
upon cell treatment with the antioxidant Tiron (Fig. 3c). Taken together, these findings suggest that
KRIT1 loss-of-function leads to the redox-sensitive activation of Nrf2 and consequent upregulation
of its downstream targets (Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018, Antognelli,
Perrelli et al. 2020, Retta, Perrelli et al. 2020). Furthermore, we addressed the possibility that the
redox-sensitive phosphorylation and activation of JNK associated with KRIT1 loss-of-function
(Goitre, De Luca et al. 2014) could reside upstream of the upregulation of Nrf2 and its targets HO-1
and Glol. Consistently, treatment of K—/— cells with the SP600125 JNK inhibitor under the same
conditions previously shown to normalize phospho-c-Jun levels (Goitre, De Luca et al. 2014) resulted
in a significant inhibition of the increased nuclear localization of Nrf2 (Fig. 4a), and accompanying
upregulation of HO-1 (Fig. 4b) and Glo1 (Fig. 4c,d) observed in untreated K—/— cells, indicating that
these effects are indeed influenced by the redox-sensitive activation of JNK. Therefore, our results
suggest that defective autophagy and redox-dependent activation of JNK induced by KRIT1 loss-of-
function contribute to the redox-sensitive activation of Nrf2 and consequent upregulation of its
downstream effectors HO-1 and Glol. In turn, the activation of these Nrf2-mediated stress response
pathways could represent an adaptive mechanism by which cells sense and respond to the increased
intracellular levels of oxidative species and consequent redox changes caused by KRIT1 loss-of-
function (Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018, Retta, Perrelli et al. 2020).

2.2 KRIT1 loss-of-function affects the glutathione redox state leading to enhanced S-

glutathionylation of distinct proteins

To further investigate the regulatory role of KRIT1 in cellular redox homeostasis and redox-sensitive
mechanisms, we addressed the putative involvement of glutathione (GSH), the most abundant cellular
antioxidant and major modulator of the intracellular redox status. The intracellular concentration of
GSH, which usually range from 1 to 10 mM, and the ratio of GSH to its oxidized form, glutathione
disulfide (GSSG), reflect the redox potential of the cell and thereby influence redox homeostasis,

whereas their decrease is generally considered a marker of oxidative stress. Accordingly, under
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normal conditions, the GSH/GSSG ratio is closely regulated and maintained at high levels, exceeding
100:1, while in various models of oxidative stress, this ratio has been demonstrated to decrease to
values of 10:1 and even 1:1 (Zitka, Skalickova et al. 2012, Giustarini, Galvagni et al. 2015).
Furthermore, it is now established that decreased GSH levels and GSH/GSSG ratio correlate with
increased cellular susceptibility to oxidative stress and can contribute to some human diseases,
including cardiovascular diseases (Ballatori, Krance et al. 2009, Giustarini, Galvagni et al. 2015). The
reduced glutathione (GSH) and oxidized glutathione (GSSG) levels, and the GSH/GSSG ratio were
comparatively evaluated in K—/—and K9/6 MEF cells. In particular, total glutathione (GSH+GSSG),
and GSSG were quantified by specific analytical methods, including an optimized recycling assay
that spectrophotometrically measures the reduction of DTNB to TNB in the presence of glutathione
reductase (GR) (Akerboom and Sies 1981). The outcomes of these analyses demonstrated that GSH
levels were significantly lower in K—/—as compared to K9/6 cells (Fig. 5a,b), suggesting that KRIT1
loss-of-function is associated with a depletion of intracellular glutathione levels, which in turn is
indicative of a compromised redox homeostasis. Consistently, the GSH/GSSG ratio resulted
significantly reduced in K—/— cells (Fig. 5c), highlighting a detriment of the cellular antioxidant
capacity and consequent shift of the intracellular redox state toward a more-oxidizing environment.
Furthermore, treatment of K—/— cells with a GSH supply (5 mM final concentration for 4h)
determined a significant increase of GSSG levels along with the increase of total GSH (Fig. 5a,b),
confirming that depletion of cellular thiols, including GSH, contributes to the redox imbalance
associated with KRIT1 loss-of-function. However, a significant rescue of the GSH/GSSG ratio was
also observed (Fig. 5c). Given that cellular thiol content is the main determinant of total antioxidant
capacity (TAC) (Balcerczyk and Bartosz 2003), we then evaluated TAC levels in K—/—and K9/6 cells
using a total oxyradical scavenging capacity (TOSC) assay. As compared to K9/6 cells, TAC levels
resulted significantly reduced in K—/— cells (Fig. 5d), suggesting that KRIT1 loss-of-function causes
a concomitant depletion of cellular thiols and antioxidant defenses (Cianfruglia, Perrelli et al. 2019,
Antognelli, Perrelli et al. 2020). The increased levels of GSSG and decreased ratio of GSH to GSSG
observed in K—/— cells clearly indicated a cellular redox imbalance toward a mild oxidative stress
condition, raising the possibility that changes in protein S-glutathionylation (PSSG), a highly
conserved oxidative post-translational modification (OPTM) consisting of the reversible formation
of mixed disulfides between the thiol of GSH and a thiol group of a target protein (Dalle-Donne,
Rossi et al. 2007, Dalle-Donne, Rossi et al. 2009, Gallogly, Starke et al. 2009), may also occur. To
verify this possibility, the formation of protein-GSH mixed disulfides was examined in K—/— and
K9/6 cells by a comparative immunoblotting analysis of total cell extracts with an anti-GSH antibody.

Along with S-glutathionylated proteins present in K9/6 cell extracts, immunoblotting analysis of K—
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/— cell extracts showed some novel S-glutathionylated protein bands (Fig. 6a), which were abolished
by cell pre-treatment with a GSH supply (Fig. 6a, K—/— plus GSH), suggesting that the changes in
PSSG associated with KRIT1 loss-of-function are redox-dependent and reversible upon GSH
supplementation (Cianfruglia, Perrelli et al. 2019). To further investigate and identify proteins
undergoing differential S-glutathionylation in K—/— versus K9/6 cells, protein extracts were separated
by two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) and analyzed by mass
spectrometry. Analysis of 2-D blots with an anti-GSH antibody showed a higher number of S-
glutathionylated proteins in K—/— cells (Fig. 6b), as compared to K9/6 cells (Fig. 6¢), suggesting that
KRIT1 loss-of-function causes a significant increase in S-glutathionylation of several proteins. To
identify these S-glutathionylated proteins, digitized images from Western blot were matched to
counterparts from colloidal Coomassie stained gels (Fig. 6d,e), and protein spots corresponding to
immunoreactive signals were excised and subjected to mass spectrometry analysis. Twenty out of
twenty-six analyzed protein spots were unequivocally identified, as reported in Table 1. The outcomes
of these analyses demonstrated that KRIT1 loss-of-function has a striking impact on the pattern of
protein S-glutathionylation. Indeed, most of the immunoreactive signals in K—/— cells had no
counterparts in K9/6 cells, and corresponded mainly to proteins involved in key processes of cellular
homeostasis, stress response, and adaptation, including redox-sensitive enzymes of the energy
metabolism, chaperonins, and cytoskeletal proteins (Table 1). Overall, these findings demonstrate
that loss-of-function of KRIT1 leads to S-glutathionylation of distinct structural, metabolic, and
regulatory proteins involved in cell functions, suggesting important physiopathological implications
(Cianfruglia, Perrelli et al. 2019, Antognelli, Perrelli et al. 2020, Retta, Perrelli et al. 2020). Since the
redox-dependent changes in PSSG play important roles in endothelial biology, and, in particular, is
emerging as a novel redox mechanism of vascular barrier dysfunction implicated in the etiology of
human diseases (Galougahi, Liu et al. 2014, Han, Weisbrod et al. 2016), we also investigated whether
the upregulation of PSSG adducts observed in K—/— MEF cells could be recapitulated in a different
cellular model, more strictly connected to CCM disease, taking advantage of human brain
microvascular endothelial cells (hBMEC) (Marchi, Corricelli et al. 2015, Antognelli, Trapani et al.
2018). In line with experimental observations in K—/— MEF cells, we found that PSSG adducts were
significantly upregulated in KRIT1-silenced versus control hBMEC cells (Fig. 7), showing that the
upregulation of PSSG adducts induced by the loss-of-function of KRIT1 can occur in brain
microvascular endothelial cells. Furthermore, and remarkably, this effect was significantly rescued
by cell treatment with the antioxidant Tiron, a mitochondria-permeable ROS scavenger previously
shown to be effective in rescuing major molecular hallmarks of KRIT1 dysfunctions and CCM

disease (Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018), demonstrating that the

13



accumulation of PSSG adducts is indeed a reversible, redox-dependent phenomenon triggered by
KRIT1 loss-of-function (Fig. 7).

2.3 Protein Kinase Ca (PKCa) regulates the nucleocytoplasmic shuttling of KRIT1

Previous structural analyses found that KRIT1 may adopt a closed conformation through a head-to-
tail intramolecular interaction involving the third NPXY/F motif at the N-terminus and the PTB
subdomain of the FERM domain at the C-terminus (Béraud-Dufour, Gautier et al. 2007, Francalanci,
Avolio et al. 2009). These findings suggested a novel mechanism whereby a signal-regulated
conformational switch from the closed to the open state dictates KRIT1 nucleocytoplasmic shuttling
and intermolecular interactions, thus presumably impacting its functions (Francalanci, Avolio et al.
2009). Nevertheless, the upstream regulatory proteins and signaling mechanisms that control the
subcellular localization of KRIT1 remained to be defined. Therefore, we investigated the potential
upstream regulation of KRIT1 nucleocytoplasmic shuttling by members of PKC family of
serine/threonine kinases, including PKC isoforms known to play pleiotropic roles in the control of
physiological and pathological responses to oxidative stress and inflammation (Gopalakrishna and
Jaken 2000, Inoguchi, Sonta et al. 2003, Yan, Li et al. 2008, Giorgi, Agnoletto et al. 2010, Scoditti,
Nestola et al. 2014, Steinberg 2015). PKC enzymes are structurally defined by a highly conserved C-
terminal catalytic domain and an N-terminal regulatory domain, which contains the binding sites for
allosteric activators, including diacylglycerol (DAG) and tumor-promoting phorbol esters such as
phorbol 12-myristate 13-acetate (PMA) (Mellor and Parker 1998, Newton 2001). Among their
established pleiotropic functions, there is also evidence that PKCs are redox-sensitive kinases that
phosphorylate Ser and Thr residues in many target proteins to regulate their molecular interactions
and subcellular compartmentalization, including cytoplasmic and nuclear distribution and
nucleocytoplasmic shuttling, in an isozyme-specific manner (Valovka, Verdier et al. 2003, Goyal,
Pandey et al. 2005, Doller, Schlepckow et al. 2010, Giorgi, Agnoletto et al. 2010, Aisiku, Dowal et
al. 2011).

To assess the potential role of PKC in regulating KRIT1 nucleocytoplasmic shuttling, non-confluent
HeLa cells transiently transfected with an EGFP-tagged KRIT1 cDNA construct (GFP-KRIT1)
(Francalanci, Avolio et al. 2009) were either vehicle-treated (vehicle alone) or treated with phorbol
12-myristate 13-acetate (PMA), a well-established activator of cPKCs and nPKCs (Castagna, Takai
et al. 1982), and analyzed by fluorescence microscopy to assess GFP-KRIT1 subcellular distribution.
As compared to the prevalent nuclear localization of GFP-KRIT1 in vehicle-treated cells (Fig. 8a-c),
cell treatment with PMA resulted in a drastic shift in GFP-KRIT1 subcellular distribution towards an
almost exclusively cytoplasmic localization (Fig. 8d-f), suggesting that KRIT1 is responsive to PMA-
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induced PKC activation. To assess whether the observed effect was indeed due to PKC activation,
cells were pre-treated with bisindolylmaleimide | (BIM), a PKC inhibitor that acts as a competitive
inhibitor for the ATP binding site of PKC and shows high selectivity for PKCa, B1, B2, v, 0, and ¢
isozymes, before treatment with PMA. In contrast to cell treatment with PMA alone (Fig. 8d-f),
BIM+PMA treatment did not affect the nuclear localization of GFP-KRIT1 (Fig. 8g-i), confirming a
specific role for PKC activation in the regulation of KRIT1 nucleocytoplasmic shuttling.

To investigate whether the PKC-dependent nucleocytoplasmic shuttling of KRIT1 observed in HeLa
cells could be recapitulated in an endothelial cellular model, which is more strictly related to CCM
disease, we tested the effects of PMA and BIM+PMA treatments on primary human pulmonary artery
endothelial cells (HPAECS) transiently transduced with adenoviral mCherry-KRIT1. To make an
accurate comparison with the data obtained with HeLa cells, only cells without cell—cell contacts
were analyzed. Consistent with our observations in HeLa cells, HPAECs treated with PMA exhibited
a significantly enhanced cytoplasmic localization of mCherry-KRIT1 (Fig. 9A, panels g-i) as
compared to their vehicle-treated counterparts (Fig. 9A, panels a-c), while mCherry-KRIT1 nuclear
localization was not affected in HPAECs treated with either BIM alone (Fig. 9A, panels d-f) or
BIM+PMA (Fig. 9A, panels j-I), suggesting that PKC activation induces KRIT1 nucleocytoplasmic
shuttling in both epithelial and endothelial cells. The ratio of nuclear-to-cytoplasmic localization was
quantified by comparison of fluorescence intensities (Fig. 9B) (De Luca, Perrelli et al. 2020).
Previously, we identified KRIT1B, a KRIT1 isoform characterized by the alternative splicing of the
15th coding exon, which accounts for the deletion of the 39 amino acid segment forming the distal j3-
sheet of the F3/PTB-like subdomain of the FERM domain (Retta, Avolio et al. 2004). Remarkably,
it has been previously demonstrated that this isoform exhibits an exclusive cytoplasmic localization
despite the presence of a true nuclear localization sequence (NLS) at the N-terminus of the protein
(residues 46-51), suggesting that the C-terminal PTB-like subdomain enables the nucleocytoplasmic
shuttling of KRIT1, while its alteration confers a restricted cytoplasmic localization (Francalanci,
Avolio et al. 2009). Indeed, by taking advantage of the KRIT1B isoform and performing site-directed
mutagenesis, my group previously demonstrated that an intact FERM domain is necessary and
sufficient for KRIT1 nuclear translocation, whereas the KRIT1 N-terminal region acts mainly as a
regulatory arm that counterbalances the constitutive nuclear translocation property of the C-terminal
region (Francalanci, Avolio et al. 2009). Consistently, a KRIT1 deletion mutant lacking the N-
terminal arm (207 amino acids) showed a constitutive and exclusive localization into the nucleus
(Francalanci, Avolio et al. 2009). To evaluate the role of this N-terminal arm in the observed PKC-
mediated nucleocytoplasmic shuttling of KRIT1, we transiently transfected HelLa cells with a

construct encoding a GFP-tagged KRIT1 deletion mutant devoid of the N-terminal 207 amino acids
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(GFP-KRIT1A207) and performed fluorescence microscopy analysis to assess its subcellular
localization in response to PMA-induced PKC activation. In agreement with previous results
(Francalanci, Avolio et al. 2009), the expression of the N-terminal deletion mutant GFP-KRIT1A207
in HeLa cells resulted in its constitutive nuclear accumulation (Fig. 10a-c). However, in contrast to
full length KRIT1 (Fig. 8d-f), this N-terminal truncated mutant showed only very little, if any, change
in its prevalent nuclear localization upon cell treatment with PMA (Fig. 10d-f), with a consequently
almost undetectable effect of cell pre-treatment with BIM (Fig. 10g-i). While this evidence does not
exclude that KRIT1 C-terminal domains may be partially responsive to PKC activation, it clearly
demonstrates that the N-terminal regulatory domain plays a major role in PKC-dependent
nucleocytoplasmic shuttling of KRIT1.

Moreover, accumulated evidence demonstrates that distinct PKC isoforms regulate subcellular
compartmentalization and nucleocytoplasmic shuttling of various proteins by triggering a
simultaneous phosphorylation of different phosphorylation sites within their regulatory domains
(Valovka, Verdier et al. 2003, Goyal, Pandey et al. 2005, Doller, Schlepckow et al. 2010, Aisiku,
Dowal et al. 2011). In this light, we sought to determine whether the observed nucleus-to-cytoplasm
translocation of KRIT1 in response to PKC activation by PMA could be associated with any PKC-
mediated phosphorylation of KRIT1. To this end, HeLa cells transiently transfected with EGFP-
tagged KRIT1 (GFP-KRIT1) (Francalanci, Avolio et al. 2009) and mCherry-KRIT1 expressing
HPAEC were treated with PMA, BIM, BIM+PMA or vehicle (CTRL), and then lysed for subsequent
immunoprecipitation and Western blotting analysis of Ser/Thr phosphorylation. Specifically, to
assess potential changes in Ser/Thr phosphorylation levels, GFP-KRIT1 and mCherry-KRIT1 were
immunoprecipitated from cell lysates with anti-GFP and anti-KRIT1 antibodies, respectively, and
analyzed by Western blotting with pan-phospho-Ser/Thr antibodies. As compared to the almost
undetectable Ser/Thr phosphorylation of both GFP-KRIT1 and mCherry-KRIT1 in vehicle-treated
HeLa cells (CTRL; Fig. 11a) and HPAEC (CTRL; Fig. 11b), respectively, treatment of these cell
types with PMA resulted in a significant increase in Ser/Thr phosphorylation levels (PMA; Fig.
11a,b). Ser/Thr phosphorylation was rescued by cell pre-treatment with the PKC inhibitor BIM
(BIM+PMA; Fig. 11a,b), suggesting that KRIT1 undergoes Ser/Thr phosphorylation in response to
PMA-induced PKC activation in both epithelial and endothelial cells. Consistent with our findings,
various high-throughput proteomic studies have indeed demonstrated that KRIT1 can undergo
phosphorylation at multiple sites, including Tyrl1 (1), Thr20 (2), Ser22 (29), Tyr28 (1), Ser32 (3),
Tyr33 (1), Tyr125 (1), Thri47 (1), Thri51 (14), Tyr230 (3), Tyr240 (1), Tyr252 (3), Tyr260 (8),
Ser261 (2), Ser274 (7), Ser276 (13), Ser391 (1), Ser430 (1), Tyr431 (1), Ser592 (4), Tyr605 (1),
Tyr659 (1), and Thr732 (1), where in parentheses is indicated the number of studies referring to a
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specific phosphorylated amino acid residue, as resulting from available phosphorylation databases.
Therefore, considering the evidence that PKC activity-dependent regulation of nucleocytoplasmic
shuttling of target proteins may require simultaneous phosphorylation of different phosphorylation
sites (Doller, Schlepckow et al. 2010), additional KRIT1 phosphorylation sites of lower-
stoichiometry might play a role in the modulation of KRIT1 nucleocytoplasmic shuttling. Anyway,
further site-directed mutagenesis studies are necessary to address these possibilities, and to determine
the effect of phosphorylation in different site in KRIT1.

2.4 Multifunctional Platinum@BSA—Rapamycin Nanocarriers for the combinatorial therapy of
CCMs

Despite the significant progress in understanding CCM pathogenesis, a complete knowledge of the
pathogenetic mechanisms of CCM disease and a defined therapeutic approach to treat CCM lesion
remains an important question. Indeed, at date there are no direct therapeutic strategies for CCM
disease besides the surgical removal of accessible lesion in patients with recurrent hemorrhages or
intractable seizures or strokes (Fontanella and Bacigaluppi 2015, Fontanella, Panciani et al. 2015,
Awad and Polster 2019). However, based on the great multidisciplinary research advances in the
identification of pathobiological mechanisms of CCM disease made in the last decade, some imaging
and plasma biomarkers of prognostic value and distinct promising pharmacological strategies for
preventing or limiting symptomatic disease onset and severity in susceptible individuals have been
recently proposed and tested in animal models and pilot small clinical trials (Retta and Glading 2016,
Awad and Polster 2019, Mabray, Caprihan et al. 2019). In particular, to address the possibility of
developing a combinatorial treatment, simultaneously targeting different molecular dysfunctions
associated with CCM disease phenotype, including oxidative stress and defective autophagy, we
developed a multifunctional nanocarrier, composed of rapamycin-functionalized platinum
nanoparticles (PtNPs) (De Luca, Pedone et al. 2018). The multifunctional nanocarrier was prepared
using biocompatible, endotoxin-free, and highly catalytic citrate-capped PtNPs of 5 nm, synthesized
as previously reported by Moglianetti and colleagues (Moglianetti, De Luca et al. 2016). The radical
scavenging activity of PtNPs was recently proved to restore intracellular redox homeostasis in a
cellular model of CCM disease. Although the small size of these NPs may limit their drug loading
capacity, their superior antioxidant nanozyme properties (due to their high surface-to-volume ratio)
are particularly promising for the combinatorial treatment of CCM (Moglianetti, De Luca et al. 2016).
On the other hand, rapamycin was selected for its proven efficacy in rescuing defective autophagy in
CCM cells (Marchi, Corricelli et al. 2015, Retta and Glading 2016). Because this drug has low
bioavailability (Simamora, Alvarez et al. 2001), we exploited Bovine Serum Albumin (BSA) to
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incorporate rapamycin within the hydrophobic pockets of the protein in the attempt to improve its
solubilization and delivery, as well as to protect it from degradation (Karimi, Bahrami et al. 2016).
To test the activity of our multifunctional platinum@BSA-rapamycin nanocarrier (Pt5@Rapa NPs),
we took advantage of KRIT1-knockout mouse embryonic fibroblast (MEF) cells (KRIT1-KO MEFs),
which is a well suited in vitro model for testing combination approaches based on multifunctional
nanocarriers. We first assessed the toxicological profile of the PtS@Rapa nanocarriers on KRIT1-KO
MEF cells. Specifically, the cytocompatibility of Pts@Rapa NPs was tested at concentrations up to
50 pg/mL for 24 and 48 h, by WST-1 assay. Pto@Rapa NPs were cytocompatible on MEFs (Fig.
12a), indicating that Pt5 NP conjugation with rapamycin-loaded BSA does not alter their
toxicological profile. Moreover, we assessed Pt5@Rapa NP cellular uptake and their intracellular fate
by confocal microscopy. Confocal images showed an efficient internalization of PtS@Rapa NPs and
their compartmentalization within lysosomes (Fig. 12b), confirming that NP uptake occurs by
endocytosis, as previously demonstrated for nonfunctionalized citrate-capped Pt5 NPs (Moglianetti,
De Luca et al. 2016). It has been demonstrated that also rapamycin—polymer conjugates are taken up
by the endocytic pathway and compartmentalized within the lysosomes, where the release of the drug
takes place (Tai, Chen et al. 2014). Accordingly, it is possible to speculate that, once endocytosed,
the attack of peptidases to Pts@Rapa NPs within lysosomes may induce the release of rapamycin
from BSA, leading to rapamycin therapeutic action. Furthermore, growing evidence demonstrate that
treatments of the employed cellular model with distinct compounds, endowed with antioxidant
properties, were able to reduce intracellular ROS levels and altered redox signaling (Goitre, Balzac
et al. 2010, Goitre, De Luca et al. 2014, Moglia, Goitre et al. 2015, Moglianetti, De Luca et al. 2016,
Goitre, DiStefano et al. 2017, Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018, Perrelli,
Goitre et al. 2018, Cianfruglia, Perrelli et al. 2019, Kim, Perrelli et al. 2020), whereas its treatment
with rapamycin was effective in rescuing also defective autophagy. The efficacy of Pt5@Rapa NPs
as rapamycin delivery system was tested by quantifying the expression of p62, a typical autophagic
marker that accumulates when autophagy is inhibited. The total level of p62 was quantified in lysates
of KRIT1-KO MEFs treated with Pt5 or Pts@Rapa NPs. In parallel, cells were treated with free
rapamycin, at a concentration known to restore the physiological p62 expression of wild-type cells
(Marchi, Corricelli et al. 2015). Western blot analysis revealed that the accumulation of p62
significantly decreased upon cell treatment with PtS5@Rapa NPs (Fig. 12c,d), indicating that
rapamycin delivered by the nanocarrier is able to restore cell autophagy with similar efficiency as the
free drug. Conversely, no change in the level of p62 expression was detected in cells treated with
nonfunctionalized Pt5 NPs, demonstrating that Pt5 NPs itself does not interfere with autophagy.
Citrate-capped Pt5 NPs were recently found to restore ROS homeostasis in KRIT1-KO MEFs
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(Moglianetti, De Luca et al. 2016). To assess the ROS scavenging activity of Pt5@Rapa NPs, KRIT1-
KO MEFs were treated with citrate-capped Pt5, Pt5, PtS@Rapa NPs, or free rapamycin and ROS
levels were quantified by the dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay. Both Pt5
NPs and the multifunctional nanocarrier citrate-capped exhibited high ROS scavenging potential,
which was comparable to that of non-functionalized Pt5 NPs, even though their surface is partially
covered by thiols and BSA (Fig. 12e). This suggests that the coating does not interfere with the
catalytic reactions. Within the intracellular environment, Pt5@Rapa NPs exert significant antioxidant
activity, directly reducing the ROS species, unlike free rapamycin that indirectly regulates the ROS
levels by acting on autophagy pathways that control the clearance of ROS-generating dysfunctional
mitochondria (Choi, Ryter et al. 2013). Therefore, the drug itself has a weak antioxidant activity.
Furthermore, by impairing autophagy and dysregulating ROS homeostasis, loss-of-function of CCM
genes, including KRIT1, causes EndMT (Guan and Couldwell 2013, Marchi, Corricelli et al. 2015,
Bravi, Malinverno et al. 2016), a process whereby endothelial cells lose their specific markers and
cell—cell contacts, weakening their barrier function (Kovacic, Mercader et al. 2012). In light of this
mechanism, we tested the efficacy of our multifunctional nanocarrier to attenuate or reverse EndMT
and re-establish physiological angiogenesis of KRIT1-depleted endothelial cells, comparing its effect
with that of rapamycin alone or PtNPs, by an in vitro angiogenesis assay (Fig. 13a). Interestingly,
KRIT1-KO HUVECs exposed to Pt5 NPs developed some capillary-like structures, demonstrating
that PtNPs can promote the partial recovery of the endothelial phenotype of KRIT1-silenced
HUVECSs. This might be attributed to the intrinsic property of Pt5 NPs to act as antioxidant
nanozymes, being ROS homeostasis crucial for normal endothelial cell function and signaling
(Panieri and Santoro 2015). As expected, also rapamycin treatment was found to be effective in
reactivating some in vitro angiogenesis. Indeed, treatment with rapamycin was previously
demonstrated to reverse EndMT by increasing the expression of key endothelial cell markers in
KRIT1-KO endothelial cells (Marchi, Corricelli et al. 2015). However, neither the antioxidant
treatment with bare nanoparticles nor autophagy induction with rapamycin alone was sufficient to
fully inhibit EndMT and restore physiological in vitro angiogenesis, further supporting the
requirement of a combined treatment with antioxidants and autophagy inducers. Remarkably, KRIT1-
KO HUVECs treated with Pt@Rapa NPs were able to undergo in vitro angiogenesis almost
comparably to unsilenced cells, thus demonstrating the synergistic effect of the combination of the
two therapeutic activities. In conclusion, the loss-of-function of KRIT1 strongly affects autophagy,
leading to the aberrant accumulation of p62 and causing an increase in intracellular ROS and the
EndMT switch (Fig. 14a). Cell treatment with rapamycin reactivates autophagy, thereby decreasing

p62 accumulation, partially reducing the ROS levels and reverting the EndMT switch (Fig. 14b). On
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the other hand, given the intrinsic ROS scavenging activity of the Pt5 NPs core and the pro-autophagic
activity of the conjugated rapamycin, PtS5@Rapa NPs can directly counteract both increased
intracellular ROS levels and defective autophagy, thus exerting synergistic effects that efficiently
limit the major molecular and cellular dysfunctions associated with CCM disease phenotype. Such a

combined action allows endothelial cells to reacquire their specific phenotype and function (Fig. 14c).
2.5 Solid lipid nanoparticles for drug delivery

Along with synthetic polymers and inorganic materials, also natural polymers and natural lipids are
increasingly employed for nanodrug formulations with either diagnostic or therapeutic purposes due
to their particular physicochemical and biological properties (Mulder, Strijkers et al. 2004, Battaglia,
Panciani et al. 2018, Teixeira, Lopes et al. 2020). Accordingly, we also developed another kind of
combinatorial treatment based on lipid nanoparticles (ILs), characterized by good biocompatibility,
lower cytotoxicity, easy scale-up preparation, controlled drug release, the avoidance of organic
solvents in the preparation methods (Battaglia and Gallarate 2012, Gastaldi, Battaglia et al. 2014,
Battaglia, Panciani et al. 2018). Thanks to their size that range from 50 to 1000 nm, ILs in water or
oil solution are able to incorporate different drugs without forming aggregate or precipitates, and,
consequently, exploited as drug delivery system with a wide potential application spectrum. To
analyze the efficacy of drug-loaded lipid nanoparticles as combinatorial treatment, in order to rescue
the major molecular dysfunctions associated with CCM disease phenotype, we took advantage of our
well established cellular model as previously described (Goitre, Balzac et al. 2010, Goitre, Fornelli
et al. 2020). As first step, we analyzed the toxicological profile of lipid nanoparticles at different time
by an MTT vitality assay on KRIT1-KO (K—/~) and KRIT1-overexpressing (K9/6) MEF cells,
exploiting specific concentrations previously shown to be safe and effective in different in vitro
models, thus optimizing the concentration of lipid nanoparticles for cell treatments in order to avoid
cytotoxic effects, which might be attributed to the suspension in which lipid nanoparticles are
dispersed (data not shown). Once established the cytocompatible concentration of our functionalized
lipid nanoparticles, we tested their effectiveness in rescuing major molecular phenotypes associated
with KRIT1 loss-of-function. To this end, we treated either K—/— and K9/6 MEF cells for 12 hours
with lipid nanoparticles conjugated with rapamycin (Rapa), avenanthramide (Avn), bevacizumab
(Bvz), or with a mixture of all three compounds (herein indicated as Mix), and analyzed the
expression levels of biomarkers of KRIT1 loss-of-function, including oxidative stress-related protein
(such as SOD?2), endothelial growing factor (VEGF, and its receptor VEGFR), and autophagy (LC3,
p62). The results were compared with cells treated with free rapamycin, bevacizumab and

avenanthramide, and a mixture of the three compounds, at concentrations known to completely or

20



partially restore the expression level of markers associated with molecular dysfunctions linked to
CCM disease. The outcomes of these experiments showed that SOD2 expression level significantly
increased upon treatment with drug-conjugated lipid nanocarriers in K—/— cells, underlying a good
intracellular delivery and effectiveness of antioxidant compounds (Fig. 15). On the other hand, no
significative change in SOD2 expression was observed in K9/6 cells, and a little increase was
observed in cells treated with unfunctionalized lipid nanocarriers, demonstrating that ILs were not
completely inert and can play a role during treatments (Fig. 15). Moreover, we found positive effects
of cell treatment with drug-conjugated lipid nanocarriers also by analyzing and quantifying the
expression levels of the autophagic marker p62. As shown in Fig. 16, p62 expression level
importantly decreased after treatment with rapamycin-loaded lipid nanocarriers, indicating that
rapamycin delivered by these nanocarriers is able to restore cell autophagy similarly to the free drug
(Marchi, Corricelli et al. 2015). Differently from the first two markers, no significant differences were
observed in VEGF expression levels in cells treated with nanoparticles carrying bevacizumab (data
not shown). Further studies are needed to better understand the variations in VEGF expression and
the effects that this marker exerts on cells, as well as the effects that bevacizumab plays in our in vitro
model. Indeed, whereas few data in literature clearly report the function of VEGF in vitro and in vivo
models of CCM disease (Kar, Samii et al. 2015), little is known about the efficacy of bevacizumab
in the treatment of cavernomas. The outcomes of these experiments underline the significant efficacy
of potential therapeutic compounds in rescuing major molecular dysfunctions that characterize
KRIT1 loss-of-function (Marchi, Corricelli et al. 2015, Moglia, Goitre et al. 2015, Perrelli, Goitre et
al. 2018). These results also emphasize the importance of developing a new preventive or even
therapeutic treatment for CCM disease, with the specific aim of reducing the risk of onset or
decreasing the size of cavernomas, trying to inhibit or completely revert the multiple molecular
dysfunctions that characterize the pathogenesis and progression of CCM disease. In particular, the
use of biocompatible nanoparticles would allow the conjugated drugs to act directly in the lesion
areas. Moreover, a strong advantage is given also by the possibility of combining nanoparticles loaded
with different pharmacological compounds within a single treatment, thus creating a mixture
endowed with an even more positive effect for disease treatment. Indeed, the efficacy of the
combination of different therapeutic properties is clearly visible in the expression levels of the
aforementioned markers in K—/— cells treated with the mixture of the three drug-conjugated lipid
nanoparticles. However, some experimental procedures have yet to be optimized, including the
concentrations of both lipid nanocarriers and loaded drugs for in vivo treatments, and the delivery of

functionalized nanopatrticles into the brain of CCM mouse models.
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3. Materials and methods
3.1 Cell culture, lentiviral vector production, and cell transduction

KRIT1 —/— (K—/-) and KRIT1 +/+ (K9/6) Mouse Embryonic Fibroblast (MEF) cell lines were
established from KRIT1 —/— and KRIT1 +/+ E8.5 mouse embryos, respectively, using the 3T3
protocol, and cultured at 37°C and 5% CO> in DMEM supplemented with 10% FCS, 2 mM glutamine
and 100 U/ml penicillin/streptomycin. Human Umbilical Vein Endothelial Cells (HUVECS),
purchased from Lonza (CC-2519, Lonza Group Ltd, Switzerland), were cultured on gelatine-coated
dishes in M199 medium (Sigma) supplemented with 10% FCS, 10 mg/ml heparin, endothelial cell
growth supplement (ECGS, Sigma), glutamine and antibiotics. HeLa cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS;
Life Technologies), 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin
(EuroClone). Primary human pulmonary artery endothelial cells (HPAEC) were cultured in DME/F-
12 medium containing 5% FBS, 1X endothelial cell growth supplement (ECGS, ScienCell), 15 U/mL
heparin, 100 U/mL penicillin, 100 pg/mL streptomycin, and 0.25 pg/mL amphotericin b. HEK293
cells were cultured for viral particle propagation in complete DMEM/High modified containing 10%
FBS, 1x non-essential amino acids, 100 U/mL penicillin, 100 pg/mL streptomycin, and 292 pg/mL
L-glutamine. All cell lines were cultured at 37 °C and 5% CO> in a humidified incubator.A KRIT1A-
expresssing lentiviral construct was generated from the HIV-derived self-inactivating transfer
construct pCCLsin.PPT.PGK.EGFP.Wpre by replacing the GFP cassette with the murine KRIT1A
cDNA. Lentiviral vector particles were produced in 293T packaging cells, transiently cotransfected
with a mix of transfer, envelope, and core-packaging constructs. To obtain KRIT1-null and KRIT1-
expressing MEF cells with uniform genetic backgrounds to be used for comparative molecular and
cellular biology studies, distinct KRIT1 —/— MEF clones were infected with a lentiviral vector
encoding either KRIT1 (pCCLsin.PPT.PGK.KRIT1.Wpre), to restore KRIT1 expression, or GFP
(pCCLsin.PPT.PGK.EGFP.Wpre) as a control. The efficiency of distinct infections, evaluated as

percentage of GFP positive cells, was always greater that 80%.
3.2 Gene silencing experiments

The expression of KRIT1 in HUVEC cells was silenced by the RNA interference (RNAI) technology
using two distinct short interfering double stranded RNA oligomers (SiRNAs), Silencer Validated
#15655 (siK655) and #15469 (siK469) siRNAs (Ambion), corresponding to exon 12 and exon 9
sequences (GenBank accession nu NM_194455), respectively. The BLOCK-iT™ Alexa Fluor Red
Fluorescent Oligo (Invitrogen) was used for determination of efficiency of sSiRNA transfection as well

as RNAI negative control along with the Silencer Negative Control #1 siRNA (Ambion). Cells were
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reverse transfected with 30 nM KRIT1-specific or Negative Control siRNAs using the Amaxa
HUVEC Nucleofector Kit and electroporation device (Lonza) according to the optimized
manufacturer’s reverse transfection protocol. Briefly, cells were harvested by trypsinization and cell
density was determined using the Countess automated cell counter (Invitrogen). 56105 cells per
sample were pelleted, resuspended in 100 ml of supplemented HUVEC Nucleofector solution,
combined with the appropriate dilution of siRNAs, electroporated using the U-001 Nucleofector
program, and seeded in 6-well plates containing complete culture medium. 48-72 hours post-

transfection, cells were lysed and analyzed by real-time quantitative PCR (RT-gPCR).
3.3 RNA isolation, reverse transcription, and quantitative real time PCR analysis (QRT-PCR)

RNA was isolated using Direct-Zol™ RNA Mini-Prep Plus or Trizol extraction accorded to the
manufacturer’s instructions. Total RNA was reverse-transcribed to single stranded cDNA (cDNA)
using the commercially available High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA), according to the manufacturer’s instructions. Each reaction
consisted in RT buffer, deoxy-ribonucleotide triphosphate mixture, random primers, and Multiscribe
RT enzyme. Samples were incubated at 25° C for 10 min and then at 37° C for 2 h in a PTC-100
Thermal Cycler (MJ Research, Waltham, MA, USA). Negative controls of the RT were performed
by omitting the enzyme or by substituting the RNA for sterile RNAse-free water, to control for
genomic DNA and RNA contamination, respectively. cDNA samples were stored at —20°C.
Quantitative real-time PCR was carried out using the StepOne Plus Instrument PCR System (Applied
Biosystem) in combination with commercial Tagman gene expression assays, consisting in the
specific mouse primers and the fluorogenic internal probe. PCR amplifications were performed in
Optical 96-well plates (Applied Biosystems) on cDNA samples. PCR was performed in a total volume
of 50 pl containing 25 pl of 2x Tagman Universal PCR Master mix (Applied Biosystems), 2.5 ul of
20x Tagman gene expression assays and 22.5 ul of the properly diluted cDNA. Blank controls
consisting in no template (water) or RT negative reactions were performed for each. Each value was

calculated using the comparative Ct method and normalized to a-tubulin internal control.
3.4 Cell culture and treatment

KRIT1-/— mouse embryonic fibroblast (MEF) cell lines were established from KRIT1-/— E8.5 mouse
embryos, respectively, whereas KRIT1 9/6 MEFs were obtained by infecting KRIT1-/— cells with a
lentiviral vector encoding KRIT1(Goitre, Balzac et al. 2010). Cells were cultured at 37° C and 5%
COz: in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 2 mM glutamine, and 1% penicillin/streptomycin (100 U/ml). Human Umbilical Vein

Endothelial Cells (HUVECs, Thermo Fisher Scientific, Waltham, MA, USA) were grown on 1.5%
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gelatin-coated tissue culture dishes and maintained in medium M200 (Thermo Fisher Scientific)
containing 2% fetal bovine serum (FBS) and growth factors (EGM-2, Thermo Fisher Scientific) at
37 °C with 5% CO,. For GSH treatment, cells were subcultured in 6-well plates at a concentration of
3 x 10° cells/well, and then incubated with 5 mM GSH-encapsulated liposomes for 4 h. Cell treatment
with antioxidant compounds, including the mitochondria-permeable Tiron (4,5-dihydroxy-1,3-
benzenedisulfonic acid disodium salt monohydrate, Sigma-Aldrich, Milan, Italy) (5 mM for 24 h)
and the JNK inhibitor SP600125 (Calbiochem-Merck, Darmstadt, Germany) (25 uM for 1 h), was
performed as previously described (Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018).
The concentrations and timing of GSH and Tiron used for rescue experiments were based on
preliminary dose-response and time course experiments performed in previous works (Armeni,
Cianfruglia et al. 2014), which showed an optimal efficacy of the indicated concentration and time of
treatment. MEFs were treated for 15 h with 50 pg/mL of Pt5, Pts@Rapa NPs, or 500 nM rapamycin.
KRIT1-ko and KRIT1-overexpressing MEFs were also treated for 12 hours with solid lipid
nanoparticles conjugated with rapamycin, bevacizumab, avenanthramide, or with a mixture of all
three compounds (herein indicated as MIX) to a final concentration of: AVN = 15 pg/mL (50 uM),
RAPA = 0.46 pg/mL (500 nM), BVZ = 10 ug/mL (70 nM). Then, we analyzed the expression levels
of biomarkers of KRIT1 loss-of-function, including SOD2, VEGF, and autophagy (p62), through
Western blot analysis. The results were compared with cells treated with free rapamycin,
bevacizumab and avenanthramide, and a mixture of the three compounds, at concentrations known
to restore the expression level of markers associated with molecular dysfunctions linked to CCM
disease. The given concentrations of these compounds were based on the outcomes of previous works
(Goitre, De Luca et al. 2014, Marchi, Corricelli et al. 2015), and preliminary optimization
experiments, showing no significant toxicity to cells and optimal efficacy in specific biochemical

assays.
3.5 Quantitative determination of glutathione and glutathione disulfide levels

Total glutathione (GSH+GSSG) and oxidized glutathione (GSSG) were measured
spectrophotometrically (at 412 nm) using the glutathione reductase (GR) recycling assay in the
presence of 5,50-dithiobis(2-nitrobenzoic acid) (DTNB), with a calibration line based upon known
concentrations of GSH and GSSG. To prevent GSH artificial oxidation during sample processing,
cells were washed twice (1 min each) at room temperature with PBS containing 5 mM N-
ethylmaleimide (NEM) (Sigma Aldrich, Milan, Italy) immediately after culture medium removal,
according to an optimized protocol for the reliable measurement of GSH, GSSG, and PSSG in cell
cultures. Cells were then trypsinized, washed twice in cold PBS containing 5 mM NEM, and quickly
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centrifuged. For total GSH/GSSG determination, the pellet was resuspended with 1% sulfosalicylic
acid, vortexed, and incubated 30 min at 4 °C. Samples were then centrifuged at 2300x g for 2 min,
and the supernatant was separated in two aliquots: one was maintained at 4 °C for GSH quantification,
and the other was treated with 2-vinilpiridin (Cf = 5%) and 20% v/v triethanolamine (Cf = 1%) to
mask the GSH present in the extract and prevent its measurement. Finally, the pellet was resuspended

with 1 M NaOH for recovery and quantification of proteins.
3.6 Protein extraction and Western blotting

Extraction of total proteins was performed by lysing cells in precooled lysis buffer (RIPA). Protein
concentration in cell extracts was determined spectrophotometrically using the BCA protein assay kit
(Pierce, Waltham, MA, USA). For WB, cell extract supernatants containing an equal amount of
proteins (30 pg) were treated with Laemmli buffer, boiled for 5 min, resolved on either 10 or 12%
SDS-PAGE, and then blotted onto a nitrocellulose membrane using iBlot Dry Blotting System
(Invitrogen, Carlsbad, CA, USA). Unoccupied protein-binding sites were blocked by incubation with
nonfat dry milk 5% in TBS for 1 h at room temperature, and membranes were then incubated
overnight at 4°C with appropriate dilutions of specific primary antibodies. Subsequently, membranes
were washed three times with TBS/0.3% Tween-20 (TBST) for 15 min each, and incubated for 1 h
at room temperature with the appropriate horseradish peroxidase (HRP)-conjugated secondary
antibody (Abcam) diluted 1:5000 in TBST. After two washes with TBST for 10 min each, antigen-
antibody complexes were then visualized by chemiluminescent detection of peroxidase activity using
the ChemiDoc Touch Imaging System (Bio-Rad Laboratories, Milan, Italy). As an internal control
for protein loading, all membranes were subsequently re-probed with the antibody for a-tubulin,
vinculin, and actin housekeeping proteins. Protein bands from Western blots were quantified by
densitometry using the ImageJ software, and their relative amounts were normalized to the levels of

housekeeping protein serving as internal loading control.
3.7 Confocal Microscopy

MEFs (10 000 cells/well) cells were seeded in an 8-well chamber (VWR) and incubated at 37 °C and
5% CO2. After 24 h, the cellular medium was removed and replaced with 50 pg/mL PtS@Rapa NPs
containing Alexa Fluor 647 conjugated BSA diluted in fresh FluoroBrite DMEM medium (Thermo
Fisher Scientific). After 30 min, the cells were imaged with Leica TCS SP8 confocal microscope
using a 63x oil immersion objective. Pt5@Rapa NPs were imaged using a 647 nm excitation
wavelength. For lysosomes imaging, the cells were incubated with 75 nM LysoTracker Green DND-

26 (Molecular probes). After 10 min of incubation, the medium was removed, cells were washed
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three times with PBS, and imaged using a 488 nm excitation wavelength for LysoTracker Green

signal detection.
3.8 In Vitro angiogenesis assay

Seventy-two hours after transfection with negative control sSiRNA or 4x predesigned KRIT1 siRNA,
the HUVECs were incubated with 50 pg/mL Pt5, Pts@Rapa NPs, or 500 nM rapamycin. After 15 h,
the In Vitro Angiogenesis Assay (Millipore) was performed following the manufacturer’s
instructions. Briefly, untreated or treated HUVECSs (10 x 103) were plated in each well of a 96-well
plate precoated with 50 uL of ECMatrix (Millipore) in complete Medium 200. After 4 h of incubation,
the samples were stained with Calcein AM (Thermo Fisher Scientific) for 20 min at 37 °C and the
formation of capillary-like structures was analyzed under an EVOS Cell Imaging microscope
(Thermo Fisher Scientific) at 4x magnification. To evaluate the degree of angiogenesis progression,
the number of closed polygons formed in eight replicates was counted using ImageJ software (NIH).

3.9 Antibodies

Primary antibodies, used in the present study, include the following: rabbit anti-KRIT1 mAb
[ab196025] (Abcam, San Francisco, CA, USA); mouse anti-o-tubulin mAb [B-5-1-2] (Sigma-
Aldrich, Milan, Italy); mouse anti-actin [C4] mAb [ab14128] (Abcam); rabbit anti-SQSTM1/p62
mAb [D1Q5S] (Cell Signaling, Danvers, MA, USA); mouse anti-SOD2 [2A1] mAb [ab16956]
(Abcam); rabbit anti-VEGF pAb [ab46154] (Abcam); mouse anti-Methylglyoxal-AGE (Arg-
Pyrimidine) mAb (clone 6B) (BioLogo, Hamburg, Germany); rabbit anti-Nrf2 pAb (C-20) (Santa
Cruz Biotechnology); rabbit anti-Nrf2 pAb (ab31163, Abcam); rabbit antiNrf2 mAb [EP1808Y]
(AB62352, Abcam); rabbit anti-c-Jun pAb (H-79) (Santa Cruz Biotechnology); mouse anti-phospho-
c-Jun mAb (KM-1) (Santa Cruz Biotechnology); mouse anti-Heme Oxygenase 1 mAb [HO1-1]
(Abcam); rat anti-Glyoxalase 1 mAb (6F10) (Santa Cruz Biotechnology); mouse anti-p-JNK mAb
(G-7) (Santa Cruz Biotechnology); rabbit anti Caspase3 pAb (9662, Cell Signaling Technology);
mouse anti-p-actin mAb (C4) (Santa Cruz Biotechnology) or [A5441] (Sigma Aldrich); rabbit anti-
lamin B1 pAb (H-90) (Santa Cruz Biotechnology); anti-phospho Ser/Thr antibodies [ab17464]
(Abcam) or [22A] (BD Biosciences, San Jose, CA); rabbit anti-PKCd pAb [9374S] (Cell Signaling);
rabbit anti-PKCa pAb [sc-208] (Santa Cruz Biotechnology).

Secondary antibodies conjugated with horseradish peroxidase (HRP) or fluorescent dyes are the
following: goat anti-Rabbit IgG [ab6721] (Abcam); rabbit anti-Mouse 1gG [ab6728] (Abcam);
Hoechst (H33342, Sigma) or ToPro-3 (Thermo Fisher Scientific, Waltham, MA, USA) were used for
the staining of the nuclei.
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3.10 Immunofluorescence and pharmacological treatments

Pharmacological compounds used for cell treatments were phorbol-12-myristate-13-acetate (PMA,;
Santa Cruz Biotechnology, Santa Cruz, CA, or Sigma-Aldrich, St. Louis, MO), or PKC inhibitors,
including bisindolylmaleimide-1 (BIM) and G66976 (Calbiochem, Bad Soden, Germany, or Cayman
Chemical, Ann Arbor, MI). Immunoprecipitation of GFP-KRIT1 and mCherry-KRIT1 was
performed using rabbit polyclonal anti-GFP (ab290, Abcam) and Mab15.B2 (Millipore, Burlington,
MA) antibodies, respectively. HeLa cells were treated with 20 ng/mL PMA for 2 h, with or without
a 30 min pre-treatment with 1 uM BIM. DMSO was used a vehicle control. After treatments, cells
were fixed in 3% paraformaldehyde or cold methanol for 10 min, nuclei were stained with Hoechst
or ToPro-3, and coverslips were mounted with Mowiol (Calbiochem) on microscope slides. Digital
images were acquired with either an Axio-Observer-Z1 microscope (Zeiss) equipped with ApoTome
system for optical sectioning or a 3-channel TCS SP2 laser scanning confocal microscope (Leica
Microsystems, Wetzlar, Germany). HPAEC were plated on fibronectin-coated coverslips (10 pg/mL)
and transduced in growth media, then changed to serum-free DME/F-12 medium (HyClone GE
Healthcare, Piscataway, NJ) for 30 min. Cells were then treated with 20 ng/mL PMA for 2 h, with or
without a 30 min pre-treatment with 1 uM BIM. DMSO was used as vehicle control. At the end of
the treatment period, cells were fixed in 10% formalin and washed with 0.001% Tritonx-100 in PBS.
Cells were counterstained with Hoechst 33258 (VWR, Radnor, PA) to label nuclei, then mounted on
glass slides with ProLong Gold Antifade (Invitrogen, Carlsbad, CA). Images were acquired on an
Olympus IX70 fluorescent microscope using a Hamamatsu digital imaging system. Fluorescence was
quantified by calculating the ratio of pixel intensity in the nucleus to the average pixel intensity of
four cytoplasmic regions halfway between the nucleus and cell edge. Both the concentrations of
pharmacological compound and the time of treatment used were selected according to data found in

literature and the outcomes of our preliminary experiments.
3.11 Immunoprecipitation and Western blotting

GFP-KRIT1 transfected HelLa cells treated with PMA or BIM+PMA were lysed in NP-40 buffer
containing protease and phosphatase inhibitors (P8340 and P2850, Sigma). GFP-KRIT1 was
immunoprecipitated from cell lysates using the rabbit polyclonal anti-GFP antibody (ab290, Abcam),
and analyzed by Western blotting with a pan-phospho-Ser/Thr antibody (1:1000). Western blotting
analysis was performed as previously described (Balzac, Avolio et al. 2005). mCherry-KRIT1
expressing HPAEC treated with PMA, BIM, and BIM+PMA were lysed in buffer containing 20 mM
HEPES-KOH pH 7.5, 1.5 mM MgCl2, 5 mM KClI, protease and phosphatase inhibitors, supplemented
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with 1% TritonX-100. KRIT1 was immunoprecipitated (Mab15.B2, Millipore, Burlington, MA) from
total lysate and blotted with pan-phospho-Ser/Thr antibody 22A (1:1000).

3.12 In silico prediction of putative post-translation modification sites

Putative phosphorylation sites were predicted using GPS 3.0 (Group-based Prediction System,
version 3.0, http://gps.biocuckoo.org/). For the analysis, medium level threshold was chosen and
ACG kinases were selected as Ser/Thr phosphorylation kinases. Prediction results were then sorted

for PKC specific predicted sites.
3.13 Two-Dimensional polyacrylamide gel electrophoresis (2D PAGE) analysis

Cells were harvested and resuspended in 8 M urea, 40 mM Tris and 2% CHAPS to allow the recovery
of total protein extracts. Protein content was quantified by the Bradford assay. Isoelectrofocusing
(IEF) (first dimension) was performed using a 7 cm Immobiline™DryStrip NL (GE Healthcare,
Milan, Italy), pH 3-10. Each strip was actively rehydrated in the presence of proteins (200 pg) within
an IPG-Phor system (Amersham Pharmacia, Macclesfield, UK) at 30 V, for 12 h. After rehydration,
IEF runs were carried out at 20 °C, based on a current limit of 50 puA/IPG-strip: 300 V for 1 h; 4000
V for 3.75 h (gradient); and 4000 V until 15,000 V/h was reached in total. After IEF, IPG-strips were
equilibrated in a buffer containing 50 mM Tris-HCI, pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v
SDS, for 30 min. SDS-PAGE (second dimension) was performed at 90 V for 130 min using 10%
acrylamide/bis-acrylamide gels. First and second dimensions were carried out in nonreducing
conditions to avoid reduction of PSSG derivatives. Gels were then blotted onto PVDF membranes,
and then Western blotting with a mouse monoclonal anti-GSH antibody was performed to analyze
protein S-glutathionylation levels, as previously described. Parallel 2-DE gels were directly stained
with colloidal Coomassie Blue. Digitalized gel images of Western blotting membranes and colloidal
Coomassie-stained gels were acquired using an Image Scanner 1l (GE Healthcare, Bronx, NY, USA)
apparatus and analyzed with the Image Master Platinum 6.0 software (GE Healthcare) for spot
matching and relative quantization. Protein spots corresponding to immunoreactive signals were
manually excised from 2D-gels and further subjected to mass spectrometric analysis (Cianfruglia,
Perrelli et al. 2019).

3.14 Mass spectrometry analysis

Bands corresponding to proteins of interest were excised, in-gel alkylated with iodoacetamide,
digested with endoprotease LysC or endoprotease AspN (Roche), and extracted as previously
reported (Salzano, Novi et al. 2013). Peptide mixtures were directly subjected to peptide mapping

experiments or further enriched for phosphopeptides by using Ga3+-immobilized metal ion affinity
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chromatography (Ga3+-IMAC) (Phosphopeptide Isolation Kit, Pierce, USA) (D'Ambrosio, Arena et
al. 2006). All samples were analyzed by nLC-ESI-LIT-MS/MS using a LTQ XL mass spectrometer
(ThermoFisher, San Jose, CA), equipped with a Proxeon nanospray source (Proxeon, Denmark)
connected to an Easy-nanoL.C (Proxeon). Peptide mixtures were separated on an Easy C18 column
(10 x 0.075 mm, 3 um) (Proxeon). Mobile phases consisted of 0.1% v/v aqueous formic acid (solvent
A) and 0.1% v/v formic acid in acetonitrile (solvent B), running at flow rate of 300 nL/min. Solvent
B ramped from 5% to 35% over 45 min, from 35% to 60% over 10 min, and from 60% to 95% over
20 min. Spectra were acquired in the range of m/z 400-2000. Acquisition was controlled by a data-
dependent product ion scanning procedure over the three most abundant ions, enabling dynamic
exclusion (repeat count 2 and exclusion duration 60 s); the mass isolation window and collision
energy values were set to m/z 3 and 35%, respectively. Raw data were searched by using Sequest
(ThermoFisher) and Mascot (Matrix Science, UK) within the Proteome Discoverer software package
version 1.0 SP1 (ThermoFisher) against an indexed database containing the GFP-KRIT1, LysC
endoprotease, endoprotease AspN and common Kkeratin sequences. Database searching was
performed by selecting Cys carbamidomethylation as static and Met oxidation and Ser/Thr/Tyr
phosphorylation as dynamic modifications, respectively. A mass tolerance value of 2 Da and 0.8 Da
(for precursor ion and MS/MS fragments, respectively), endoprotease LysC or endoprotease AspN
as proteolytic enzymes, and a missed cleavages maximum value of two were used as searching
parameters. Definitive assignment of peptide phosphorylation site(s) was associated with manual

spectral visualization and verification.
3.15 WST-1 Assay

In vitro toxicological profile of Pt5 and Pt5@Rapa NPs on MEFs and HUVECs was evaluated by
WST-1 assay (Sigma-Aldrich) according to the previously described method (Brunetti, Chibli et al.
2013). Briefly, MEFs (25 000 cells/well) were plated in a 96-well tissue culture plate in a final volume
of 100 pL. After 24 h of adhesion, the culture medium was removed and replaced with medium
containing Pt5 or Pt5@Rapa NPs at a concentration of 50 pg/mL, up to 24 or 48 h. Afterward, the
cells were washed three times with PBS and incubated for 1 h with medium containing 10% WST.
The HUVECs (50 000 cells/well) were plated in a 96-well tissue culture plate in a final volume of
100 pL. After 24 h of adhesion, the culture medium was removed and replaced with medium
containing a series of Pt5 NPs dilutions ranging from 10 to 50 ug/mL, and the cells were cultured for
other 24 h. Afterward, the cells were washed three times with PBS and incubated for 1 h with a
medium containing 10% WST. An Infinite 200 Pro Tecan microplate reader was used for reading the

cell viability results.
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3.16 DCFH-DA Assay

Assessment of cellular levels of reactive oxidative species, including levels of general reactive
oxygen species (ROS) and reactive nitrogen species (RNS), was performed as previously described
(Perrelli and Retta 2020) using the membrane permeable 2'—7'-dichlorofluorescin-diacetate (DCFH-
DA) fluorogenic dye (Invitrogen). Following cleavage of the acetate groups by intracellular esterases,
the resultant dichlorofluorescin (DCFH) is trapped intracellularly due to its hydrophilicity, and
oxidized by various ROS/RNS to form the highly fluorescent 2’,7'-dichlorofluorescein (DCF), which
can be detected by fluorescence spectrophotometry or microscopy, thus serving as an effective
indicator of generalized cellular oxidative stress. Briefly, MEF and hBMEC cellular models described
above were grown to confluence in complete medium, washed twice with PBS, incubated with
DCFH-DA at a final concentration of 5 uM in PBS at 37 °C for 30 min, and analyzed by image-based
cytometry with a Tali® Image-Based Cytometer (Invitrogen). Raw data were processed using the
Flowing software (v.2.5.0, by Perttu terho, University of Turku, Finland). Fluorescence readings were
expressed as either relative fluorescence units (RFU) or relative ROS/RNS level units. MEFs (25 000
cells/well) were also plated in 96-well microplates (Constar) and exposed to 50 pg/mL of citrate-
capped Pt5, Pt5, Pts@Rapa NPs, and 500 nM rapamycin. After 15 h, the cells were washed three
times with PBS with Ca2+ and Mg2+ and incubated at 37 °C for 10 min with 5 uM DCFH-DA
(Sigma) in PBS. An Infinite 200 Pro Tecan microplate reader was used for reading the DCF
fluorescence intensity, setting the excitation filter at 480 nm and the emission filter at 520 nm. The

results were normalized with respect to untreated control cells.
3.17 Total Oxyradical Scavenging Capacity Assay

The total antioxidant capacity (TAC) of cell extracts was evaluated using the total oxyradical
scavenging capacity (TOSC) assay, which measures the capacity of cellular antioxidants to inhibit
the oxidation of a-keto-y-methiolbutyric acid (KMBA) to ethylene gas in the presence of different
forms of oxyradicals, artificially generated at a constant rate. Reactions were performed on 50 L of
cell extracts and 2 mM KMBA,; hydroxyl radicals were generated from the Fenton reaction of iron-
EDTA (1.8 uM Fe®*, 3.6 uM EDTA) plus ascorbate (180 pM) in potassium phosphate buffer (100
mM, pH 7.4). TOSC values were quantified using the equation TOSC = 100 — (SA/CA x 100) and
referred to the protein concentration of each sample. Specifically, SA and CA represent the integrated
area calculated under the least squares Kinetic curve produced during the reaction for the sample and

the control, respectively.

3.18 Statistical analysis
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Data were generated from three independent experiments and expressed as meanststandard deviation

(SD). Statistical significance, determined by Student's t-test, was set at p<0.05.

4. Discussion and future perspective

In recent years, it has become clear that the three known CCM genes play important roles in
controlling signaling pathways involved in cell responses against oxidative stress, pointing to novel
pathogenic mechanisms for CCM disease. In particular, KRIT1 protein, encoded by CCM1 gene, has
been found to have pleiotropic functions, modulating multiple signaling pathways and mechanisms
involved in cellular homeostasis and responses to oxidative stress and inflammatory conditions
(Marchi, Trapani et al. 2016, Retta and Glading 2016, Antognelli, Trapani et al. 2018). Indeed,
previous works demonstrated that KRIT1 loss induces both the downregulation of major antioxidant
pathways, including the FOX0O1/SOD?2 axis (Goitre, Balzac et al. 2010), and the upregulation of pro-
oxidant and pro-inflammatory pathways, such as JNK/c-Jun/Cox2 and NF-kB pathways (Goitre,
Balzac et al. 2010, Goitre, De Luca et al. 2014, Choquet, Trapani et al. 2016, Antognelli, Trapani et
al. 2018, Antognelli, Trapani et al. 2018), leading to altered redox homeostasis and enhanced
endothelial permeability and inflammatory response (Retta and Glading 2016, Goitre, DiStefano et
al. 2017). Furthermore, it has been shown that KRIT1 loss of function affects a major cytoprotective
process, such as autophagy (Marchi, Corricelli et al. 2015, Marchi, Retta et al. 2016, Marchi, Trapani
etal. 2016), and causes abnormal post-translational modifications of distinct structural and regulatory
proteins (Antognelli, Trapani et al. 2018, Antognelli, Trapani et al. 2018, Cianfruglia, Perrelli et al.
2019), leading to a sustained upregulation of adaptive redox homeostasis mechanisms that sensitizes
cells to oxidative stress and inflammatory insults (Antognelli, Trapani et al. 2018, Antognelli, Trapani
et al. 2018, Antognelli, Perrelli et al. 2020). Consistently, the emerged pleiotropic redox-dependent
functions of KRIT1 justify its involvement in the regulation of multiple fundamental cellular
structures and mechanisms, including cell-cell and cell-matrix junctions (Glading, Han et al. 2007,
Liu, Draheim et al. 2013), cytoskeleton dynamics (Whitehead, Chan et al. 2009, Stockton, Shenkar
et al. 2010), and blood vessel development and homeostasis (Wistehube, Bartol et al. 2010,
DiStefano, Kuebel et al. 2014, Renz, Otten et al. 2015, Schulz, Wieland et al. 2015, Vieceli Dalla
Sega, Mastrocola et al. 2019). Our findings show that KRIT1 loss-of-function leads to the persistent
upregulation of critical cytoprotective proteins that govern cell adaptive responses to oxidative stress,
including the master redox-sensitive transcription factor Nrf2 and the anti-glycation enzyme Glol, a
transcriptional target of Nrf2 that plays a critical role in the enzymatic defense against MG-mediated
glycative and oxidative stress. Moreover, a significant nuclear accumulation of Nrf2, occurring in
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both cellular models of CCM disease and endothelial cells lining the lumen of human CCM vessels
(Antognelli, Trapani et al. 2018), suggests that the abnormally sustained activation of Nrf2 caused by
KRIT1 loss-of-function may have an important role on CCM disease onset and progression, likely
representing an either insufficient or aberrant cellular adaptive response to cope with a focal increase
in oxidative challenges induced by local stressful events affecting the neurovascular unit.
Furthermore, these data support the possibility that the redox-sensitive upregulation of HO-1 induced
by KRIT1 loss-of-function contributes to Nrf2-mediated adaptive defense mechanisms that limit a
vicious cycle of ROS production and oxidative stress (Fig. 17a). However, the chronic activation of
this adaptive stress response mechanism could cause HO-1 activity to be ineffective or insufficient
for cytoprotective responses to additional stressful events occurring over time, leading to homeostasis
imbalance and cellular dysfunction that may become irreversible (Fig. 17b). Remarkably, in cellular
models of CCM disease, glycative and oxidative post-translational modifications of proteins, such as
MG-mediated glycation and S-glutathionylation, affect the modulation of protein biological activity
and stability (Nass, Vogel et al. 2010, Sun, Eriksson et al. 2012, Bansode, Chougale et al. 2013)
involved in cellular homeostasis and adaptive responses to stressful conditions. The target proteins
include prominent members of the heat-shock protein (HSP) family functioning as molecular
chaperones, such as HSP70, HSP27, and HSP60, enzymes of energy metabolism, and cytoskeleton
proteins, suggesting that they play an important role in the chronic adaptive redox homeostasis and
enhanced cell susceptibility to oxidative stress and inflammation that have been associated with loss-
of-function mutations of CCM genes (Fig. 17a, Fig. 18) (Antognelli, Trapani et al. 2018, Antognelli,
Trapani et al. 2018, Cianfruglia, Perrelli et al. 2019, Antognelli, Perrelli et al. 2020). In this light, it
is plausible that MG-mediated glycation and S-glutathionylation of distinct target proteins involved
in cellular stress responses, and consequent downstream effects, including endothelial cell
dysfunction, may occur simultaneously, thus raising the possibility that these two mechanisms of
protein post-translational modifications can influence the pathogenesis of CCM disease in a
synergistic manner (Cianfruglia, Perrelli et al. 2019, Antognelli, Perrelli et al. 2020). Consistently,
there is evidence that both mechanisms are affected by KRIT1 loss-of-function in the same cellular
models and surgical samples of CCM disease, as well as that they are significantly implicated in
distinct vascular dysfunctions and diseases. In addition, it is also possible to glimpse potential
upstream regulatory mechanisms that could orchestrate a putative molecular crosstalk between MG-
mediated glycation and S-glutathionylation and coordinate their downstream effects. Indeed, both
mechanisms have been shown to be influenced by the abnormal alteration of cellular redox
homeostasis that occurs upon KRIT1 loss-of-function (Fig. 18). Moreover, given the evidence that

MG can cause dysfunction of thiol-disulfide oxidoreductase systems, which protect endothelial cells

32



against oxidative stress, including the thioredoxin/thioredoxin reductase system (Tatsunami, Oba et
al. 2009), it is also possible to hypothesize that dicarbonyl stress may decrease the GSH:GSSG ratio
and, thereby, stimulate S-glutathionylation. Conversely, there is evidence that S-glutathionylation
may contribute to ROS production and altered redox homeostasis by affecting the activity of eNOS
(Chen, Wang et al. 2010). Furthermore, it has been reported that S-glutathionylation of Keapl, an
endogenous repressor of Nrf2, can be implicated in the activation of Nrf2 (Carvalho, Marques et al.
2016), suggesting a potential mechanistic contribution to the sustained activation of this antioxidant
transcription factor that occurs upon KRIT1 loss-of-function and, in consequence, to the upregulation
of Nrf2 downstream targets, including Glo1 and HO-1.

We found that KRIT1 loss causes a significant decrease in total GSH and increase in GSSG levels,
with a consequent deficit in the GSH/GSSG redox ratio and GSH-mediated antioxidant capacity.
Moreover, we observed also a significant reduction in glutathione-S-transferase (GST) activity,
which catalyzes the conjugation of GSH to a wide variety of endogenous and exogenous electrophilic
compounds to aid in their detoxification, thereby contributing in protecting cells from oxidative
damage (Um, Kim et al. 2006). Notably, all these molecular alterations could be rescued by providing
cells with exogenous GSH, suggesting that they were interconnected with alterations in the thiol-
redox homeostasis (Fig. 18) (Cianfruglia, Perrelli et al. 2019). Indeed, they were consistent with our
previous findings demonstrating that KRIT1 loss-of-function causes intracellular redox imbalance
and sustained mild oxidative stress conditions, suggesting that changes in the GSH redox status and
GST activity contribute to these effects (Goitre, Balzac et al. 2010, Goitre, De Luca et al. 2014,
Marchi, Corricelli et al. 2015). Overall, these potential mechanisms of molecular crosstalk between
the ROS/Nrf2/Glo1l/MG-mediated glycation and the S-glutathionylation pathways might contribute
to the chronic adaptive redox homeostasis and enhanced cell susceptibility to oxidative stress
associated with KRIT1 loss-of-function mutations (Fig. 19) (Antognelli, Trapani et al. 2018,
Antognelli, Trapani et al. 2018, Cianfruglia, Perrelli et al. 2019, Antognelli, Perrelli et al. 2020).
While the specific effects of glycative and oxidative post-translational modifications of proteins
triggered by loss-of-function mutations of KRIT1, including MG-dependent glycation and S-
glutathionylation of important structural and regulatory proteins, remain to be defined, the
comprehensive characterization of their upstream regulatory mechanisms and functional interplay
should provide novel insights into CCM disease pathogenesis and enable the development of targeted,
safe, and effective synergistic drug combination therapies.

Our finding that KRIT1 nucleocytoplasmic shuttling is regulated by PKC is corroborated by several
studies showing that PKC plays indeed a major role in regulating subcellular localization of a diverse

variety of proteins, often as the result of direct phosphorylation (Represa, Deloulme et al. 1990,
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Topham, Bunting et al. 1998, Andreeva, Krause et al. 2001, van Balkom, Savelkoul et al. 2002,
Doller, Huwiler et al. 2007). Specifically, our results suggest that KRIT1 is phosphorylated by PKCa,
and provide preliminary information on the putative phosphorylation sites required for PMA/PKC-
induced nuclear-to-cytoplasmic translocation of KRIT1. Dedicated studies based on site-directed
mutagenesis are necessary to assign the specific contribution of each phosphorylation site present in
KRIT1 with respect to protein nucleocytoplasmic shuttling. Indeed, given the existence of multiple
phosphorylation sites in KRIT1 (Fig. 11D), and the evidence that more than one phosphorylation
event may be required for PKC-mediated regulation of protein nucleocytoplasmic shuttling (Doller,
Schlepckow et al. 2010), it is likely that distinct PKC-dependent phosphorylation sites contribute to
a fine-tuned regulation of KRIT1 nucleocytoplasmic shuttling. Regardless, our observations clearly
established a role for PKCa in regulating nuclear-to-cytoplasmic translocation of KRIT1, thus
opening a novel research avenue for a comprehensive characterization of the underlying molecular
mechanisms and functional consequences. Among others, it would be interesting to address whether
the established capacity of PKCa to translocate from the cytosol into the nucleus upon various stimuli,
including phorbol esters and redox changes (Schmalz, Kalkbrenner et al. 1996, Giorgi, Agnoletto et
al. 2010), is somehow related to its ability to regulate KRIT1 nucleocytoplasmic shuttling. Moreover,
given our original findings that KRIT1 plays a major role in cellular defenses against oxidative stress
and inflammation (Retta and Glading 2016, Antognelli, Perrelli et al. 2020), and considering the
established relationship between PKC functions and oxidative stress (Gopalakrishna and Jaken 2000,
Giorgi, Agnoletto et al. 2010), it is tempting to hypothesize that our novel findings disclose a bridge
between PKC-dependent regulation of KRIT1 nucleocytoplasmic shuttling and cellular responses to
oxidative stress. While further studies are required to build up such a bridge, the novel findings
reported in this thesis and in our works opened the way (Francalanci, Avolio et al. 2009, De Luca,
Perrelli et al. 2020).

Given the established major role of oxidative stress and inflammation in the pathogenesis of CCM
disease, it was tempting to hypothesize that the development of specific antioxidant and anti-
inflammatory nanosystems may represent a promising therapeutic strategy for CCM treatment (Retta
and Glading 2016, De Luca, Pedone et al. 2018, Antognelli, Perrelli et al. 2020). Consistently, my
group demonstrated the reliability and effectiveness of both Pt- and Pd-NPs in rescuing increased
intracellular ROS levels and oxidative stress in cellular models of CCM disease (Moglianetti, De
Luca et al. 2016, De Luca, Pedone et al. 2018, Moglianetti, Pedone et al. 2020). Furthermore, this
possibility was strongly supported and extended by the demonstration that a multitargeted therapy
approach based on a composite nanosystem endowed with both antioxidant and pro-autophagic

activities was effective in rescuing major molecular and cellular mechanisms of CCM disease
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pathogenesis, suggesting its potential for the treatment of this and other oxidative stress-related
diseases (De Luca, Pedone et al. 2018, Perrelli, Fatehbasharzad et al. 2020). Specifically, this
composite multifunctional nanosystem was developed by combining the intrinsic ROS scavenging
activity of PtNPs with the autophagy-stimulating activity of rapamycin, and was tested in distinct
cellular models of CCM disease, including KRIT1 knockout mouse embryonic fibroblasts (MEF)
(Goitre, Balzac et al. 2010) and KRIT1-silenced human endothelial cells (Marchi, Corricelli et al.
2015). The experimental outcomes highlighted the advantages of composite platinum/rapamycin
nanosystems (Rapa@Pt-NPs), including the enhancement of rapamycin physicochemical properties,
such as solubility, permeability, stability and bioavailability. Furthermore, they showed that cellular
uptake of Rapa@Pt-NPs occurred via endocytosis and resulted in synergistic biological effects,
including the rescue of established hallmarks of CCM disease, such as altered redox homeostasis and
signaling (Goitre, Balzac et al. 2010, Goitre, De Luca et al. 2014), mitochondrial and autophagy
dysfunctions (Goitre, Balzac et al. 2010, Marchi, Corricelli et al. 2015, Marchi, Retta et al. 2016,
Marchi, Trapani et al. 2016), and endothelial to mesenchymal transition (EndMT) (Maddaluno,
Rudini et al. 2013, Marchi, Corricelli et al. 2015) (Figure 14). Overall, the outcomes of these in vitro
studies stimulate their further implementation for precision nanomedicine approaches in animal
models of CCM disease, thus paving the way for the development of advanced combinatorial
nanotherapeutic and nanotheranostic strategies to overcome current diagnostic and therapeutic
limitations (De Luca, Pedone et al. 2018). Moreover, besides inorganic and metal-based
nanoparticles, lipid-based nanoformulations, such as micelles, liposomes, nanoemulsions and, in
particular, solid lipid nanoparticles (SLN), have become very attractive for their unique size
dependent properties, as well as for their potential to improve performance of pharmaceuticals, and
reach the goal of controlled and site specific drug delivery to the brain. Indeed, they are highly
biocompatible and can enhance drug transport through the BBB by targeting specific transport
processes in the brain vasculature (Saraiva, Praca et al. 2016, Tapeinos, Battaglini et al. 2017). Our
findings also demonstrate that rapamycin delivery, within lipid nanoparticles, is effective to elicit a
therapeutic effect comparable to the free drug, even at a lower drug concentration, also showing that
rapamycin encapsulation within ILs might also have contributed to its efficacy by protecting it from
the degradation and improving its internalization within the cells. Moreover, ILs showed a significant
antioxidant activity within the intracellular environment, directly increasing the antioxidant marker
SOD2, similarly to free rapamycin, which indirectly regulates the ROS homeostasis by acting on
autophagy pathways that control the clearance of ROS-generating dysfunctional mitochondria (Choi,
Ryter et al. 2013, Marchi, Corricelli et al. 2015), and avenanthramide, which directly scavenges ROS

and prevents oxidative stress (Moglia, Goitre et al. 2015, Goitre, DiStefano et al. 2017, Perrelli, Goitre
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et al. 2018). Therefore, the outcomes of our experiments demonstrate that the IL itself has a weak
antioxidant activity, and this nanocarrier is also able to regulate ROS homeostasis in a cellular model
of CCM disease, confirming its potential as multifunctional nanovector for combination therapy.

These results emphasize the importance of developing a new preventive or even therapeutic treatment
for CCM disease, with the specific aim of reducing the risk of onset or decreasing the size of
cavernomas, trying to inhibit or completely revert the multiple molecular dysfunctions that
characterize the pathogenesis and progression of CCM disease. In particular, the use of biocompatible
nanoparticles would allow the conjugated drugs to act directly in the lesion areas. Moreover, a strong
advantage is given also by the possibility of combining nanoparticles loaded with different
pharmacological compounds within a single treatment, thus creating a mixture endowed with an even
more positive effect for disease treatment (Fig. 20). Consistent with these data, different nanosystems
currently developed for the prevention and treatment of cerebrovascular diseases are based on
antioxidant and anti-inflammatory properties (Yoshitomi and Nagasaki 2011, Kim, Kim et al. 2012,
Baranoski and Ducruet 2019). Furthermore, given the emerging molecular links between
cerebrovascular and neurological diseases (Lendahl, Nilsson et al. 2019, Sivandzade, Prasad et al.
2019), these advanced nanomedicine approaches may also prevent or limit neurological
comorbidities. Finally, additional biological benefits may result from multitargeted, combinatorial
nanotherapies that simultaneously and synergistically target distinct molecular dysfunctions
underlying the complex pathogenetic mechanisms of cerebrovascular diseases (Perrelli,
Fatehbasharzad et al. 2020). Accordingly, whereas the effectiveness of multidisciplinary strategies of
precision medicine and combination therapies has been clearly demonstrated (Woodcock, Griffin et
al. 2011, lyengar 2013, Chen and Lahav 2016, Cai, Zhang et al. 2018, Qian, Li et al. 2020), the
combinatorial targeting of oxidative stress and defective autophagy by a composite nanosystem
endowed with both antioxidant and pro-autophagic activities has recently emerged as a potential
nanomedicine strategy for an efficacious treatment of CCM disease (De Luca, Pedone et al. 2018).
In conclusion, our results extend the understanding the complex molecular mechanisms underlying
KRIT1 functions and CCM disease pathogenesis, suggesting an important contribution of several
major proteins involved in blood vessel development and homeostasis, including adaptive responses
to stressful conditions, thus providing a novel framework for a better characterization of KRIT1
physiopathological functions and the development of targeted and effective therapeutic strategies.
Further studies in animal models of CCM disease will be necessary to confirm the role of different
KRIT1-dependent pathways in CCM lesion genesis and progression, exploiting this intriguing novel
perspective toward a more comprehensive understanding of CCM disease pathogenesis, the

identification of new disease biomarkers, and the development of targeted and effective therapeutic
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strategies. Taken together, the great progress toward a comprehensive characterization of disease
mechanisms, and the rapidly growing variety of precisely manufactured composite and effective
diagnostic, therapeutic and theranostic nanosystems allow to foresee significant improvements of
existing diagnostic and therapeutic approaches for CCM disease, pointing to precision risk
stratification and personalized nanomedicine strategies as the most promising avenues of translational
care for affected patients. With this growing trend, the future for an early and more effective treatment
of CCM disease and associated comorbidities looks bright.
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Figures and legends
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Figure 1. KRIT1 modulates the expression of the anti-glycation enzyme Glyoxalase 1 (Glol) and the
formation of MG-derived argpyrimidine protein adducts. Wild type (K+/+), KRIT1 —/— (K-/-), and
KRIT1-/- re-expressing KRIT1 (K9/6) MEF cells grown to confluence under standard conditions
were lysed and analyzed by Western blotting (a,d), gRT-PCR (b), and spectrophotometric enzymatic
assay (c). Representative Western blot and quantitative histogram of the relative KRIT1 and Glol
protein expression levels. a-tubulin was used as internal loading control for WB normalization. The
WB bands of Glo1 were quantified by densitometric analysis, and normalized optical density values
were expressed as relative protein level units referred to average value obtained for K9/6 samples (a).
Glol mRNA expression levels were analyzed in triplicate by qRT-PCR and normalized to the amount
of an internal control transcript (GAPDH). Results are expressed as relative mRNA level units
referred to the average value obtained for K9/6 cells, and represent the mean (= SD) of n > 3

independent qRT-PCR experiments (b). Glol enzyme activity was measured in cytosolic extracts
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according to a spectrophotometric method monitoring the increase in absorbance at 240 nm due to
the formation of S-D- lactoylglutathione. Glol activity is expressed in milliunits per mg of protein,
where one milliunit is the amount of enzyme that catalyzes the formation of 1 nmol of S-D-
lactoylglutathione per min under assay conditions. Results represent the mean (£ SD) of n > 3
independent experiments performed in triplicate (c). Representative WB and gquantitative histogram
of argpyrimidine (AP) adducts as detected using a specific mAb. a-tubulin was used as internal
loading control for WB normalization. Western blots are representative of three separate experiments
(d). **p <0.01 versus K9/6 cells, ***p < 0.001 versus K9/6 cells. Notice that KRIT1 loss-of-function
leads to a significant increase in Glol expression and activity, and a decrease in the intracellular levels
of major AP adducts of 70 and 27 kDa.
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Figure 2. The upregulation of Glyoxalase 1 (Glo1) and the downregulation of argpyrimidine adducts
occur also in human brain microvascular endothelial cells upon KRIT1 knockdown. Human brain
microvascular endothelial cells ((BMEC) grown under standard conditions were mock transfected
(CTR) or transfected with either KRIT1-targeting sSiRNA (siKRIT1) or a scrambled control (siCTR).
Cells were then either lysed and analyzed by Western blotting (a,e), gRT-PCR (b), and
spectrophotometric enzymatic assay (c), or treated with DCFH-DA for measurement of cellular levels
of general reactive oxidative species by image-based cytometry (d), as described in Materials and
Methods. Representative WB and quantitative histogram of the relative KRIT1 and Glol protein
expression levels in si-CTR and si-KRIT1 cells. B-actin was used as internal loading control for WB
normalization (a). The WB bands of Glo1 were quantified by densitometric analysis, and normalized
optical density values were expressed as relative protein level units referred to the average value
obtained for si-CTR samples. Glol mMRNA expression levels were analyzed in triplicate by qRT-PCR
and normalized to the amount of an internal control transcript (human B-actin). Results are expressed
as relative mRNA level units referred to the average value obtained for control cells (CTR), and
represent the mean (= SD) of n > 3 independent qRT-PCR experiments (b). Glol enzyme activity was

measured in cytosolic extracts of si-CTR and si-KRIT1 cells according to a spectrophotometric
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method monitoring the increase in absorbance at 240 nm due to the formation of S-D-
lactoylglutathione (c). Glol activity is expressed in milliunits per mg of protein, where one milliunit
is the amount of enzyme that catalyzes the formation of 1 nmol of S-D-lactoylglutathione per min
under assay conditions. Results represent the mean (x SD) of n > 3 independent experiments
performed in triplicate (c). Measurement of cellular levels of general reactive oxidative species. si-
CTR and si-KRIT1 endothelial cells were left untreated or treated with DCFH-DA, and DCF
fluorescence intensity was analyzed by a Tali® Image-Based Cytometer. The representative
cytometer profile shows the increase in DCF fluorescence intensity in si-KRIT1 cells as compared to
the control (si-CTR) (d). Representative WB and quantitative histogram of argpyrimidine (AP)
adducts in si-CTR and si-KRIT1 endothelial cells as detected using a specific mAb. B-actin was used
as internal loading control for WB normalization (e). Western blots are representative of three
separate experiments. **p < 0.01 compared to control (CTR or si-CTR) cells. Notice that KRIT1
knockdown in human brain microvascular endothelial cells leads to a significant increase in Glol
expression and activity, and a decrease in the intracellular levels of major AP adducts of 70 and 27
kDa.
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Figure 3. KRIT1 loss-dependent upregulation of Glol is part of a cell adaptive response to oxidative
stress involving the master redox-sensitive transcriptional regulator Nrf2. Wild type (K+/+), KRIT1-
/— (K—/-), and KRIT1 —/— re-expressing KRIT1 (K9/6) MEF cells grown to confluence under standard
conditions were left untreated (a) or either mock-pretreated (-) or pretreated (+) with the ROS
scavenger Tiron (b,c). Nuclear and cytoplasmic fractions (a,b) or total cell extracts (c) were then
obtained and analyzed by Western blotting for the indicated proteins. Nuclear levels of p-c-Jun were
used as a control of redox-dependent effect of KRIT1 loss-of-function. Lamin-B1 and a-tubulin were
used as internal loading controls for WB normalization of nuclear and total/cytoplasmic proteins,
respectively. The histograms below their respective Western blots (a-c) represent the mean (+ SD) of
the densitometric quantification of three independent experiments. *p < 0.05 versus K9/6 cells, **p
< 0.01 versus K9/6 cells, ***p < 0.001 versus K9/6 cells. Notice that the upregulation of c-Jun and
p-c-Jun nuclear levels induced by KRIT1 loss-of-function is paralleled by a marked nuclear
accumulation of Nrf2 (a,b) and the upregulation of its downstream effector HO-1 (c), both of which

are significantly reverted by cell treatment with the ROS scavenger Tiron (b,c).
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Figure 4. Defective autophagy and JNK activation associated with KRIT1 loss-of-function contribute
to the sustained upregulation of Nrf2 and its downstream effectors HO-1 and Glol. Wild type (K+/+),
KRIT1 —/— (K—/-), and KRIT1 —/—re-expressing KRIT1 (K9/6) MEF cells grown to confluence under
standard conditions were either mock-pretreated (-) or pretreated (+) with the JNK inhibitor
SP600125 (a-d), or the autophagy inducer Rapamycin (e-h). Nuclear and cytoplasmic fractions or
total cell extracts were then obtained and analyzed by Western blotting (a-c, e-g) and
spectrophotometric enzymatic assay (d,h) for the indicated proteins, as described in Fig. 1a-c. Nuclear
levels of p-c-Jun were used as a control of redox-dependent effect of KRIT1 loss-of-function. Lamin-
B1 and a-tubulin were used as internal loading controls for WB normalization of nuclear and
total/cytoplasmic proteins, respectively. Histograms represent the mean (+ SD) of n > 3 independent
experiments performed in triplicate. **p < 0.01 and ***p < 0.001 versus K9/6 cells; °p < 0.05 and
°°p < 0.01 versus mock-pretreated (-) cells. Notice that the redox-sensitive nuclear accumulation of
Nrf2 and upregulation of its downstream effectors HO-1 and Glo1 induced by KRIT1 loss-of-function
were significantly reverted by cell treatment with either the JINK inhibitor SP600125 (a-d) or the
autophagy inducer Rapamycin (e-h).
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Figure 5. KRIT1 loss-of-function induces GSH depletion. (A,B) The amounts of total glutathione
(GSH+GSSG in GSH equivalents) (A) and oxidized glutathione (GSSG) (B) were quantified in K—/—
cells left untreated or treated for 4 h with liposome-encapsulated GSH (5 mM final concentration) by
an established enzymatic recycling assay. K9/6 cells were used as control. (C) Histogram representing
the GSH/GSSG ratio. (D) Total antioxidant capacity for peroxyl radicals in K9/6 and K—/— cells, as
determined by the total oxyradical scavenging capacity (TOSC) assay described in Materials and
Methods. For all measurements, TOSC values were referred to protein concentration counterparts.
Results are reported as mean values + standard deviation (S.D.) of six different experiments. Asterisks
above histogram bars indicate significant differences (p < 0.05) between groups of means (post hoc

comparison).
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Figure 6. KRIT1 loss-of-function induces changes in protein S-glutathionylation pattern. Total
protein extracts of K—/— cells left untreated or treated for 4 h with 5 mM GSH encapsulated within
liposomes were separated by monodimensional (A) and two-dimensional electrophoresis (B—E) under
nonreducing conditions, and analyzed by immunoblotting with an anti-GSH antibody to detect
protein S-glutathionylation adducts (A—C), or by colloidal Coomassie staining to identify protein
spots by mass spectrometry analysis (D,E). K9/6 cells were used as control. (A) Equal amounts of
protein extracts (30 pg) of the indicated cells were analyzed by SDS-PAGE and Western blotting
under nonreducing conditions. (B—E) Equal amounts of protein extracts (200 pg) of K—/— (B,D) and
K9/6 (C,E) cells were analyzed by two-dimensional (2-D) electrophoresis and Western blotting.
Parallel experiments were performed for Western blotting (B,C) and colloidal Coomassie staining
(D,E) analyses. Digitalized images of PVDF membranes and colloidal Coomassie-stained gels were
acquired and analyzed with a dedicated software that ensured spot matching and relative quantitation.
Gel spots corresponding to immunoreactive signals were manually excised from 2D-gels and further
subjected to mass spectrometric analysis. Experiments were performed in technical duplicate on two

biological replicates.
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Figure 7. Redox-dependent changes in PSSG occur in human brain microvascular endothelial cells
upon KRIT1 knockdown. Human brain microvascular endothelial cells (hBMEC) grown under
standard conditions were transfected with either KRIT1-targeting SiRNA (si-KRIT1) or a scrambled
control (si-CTR). Cells were then either left untreated or treated with Tiron, lysed, and analyzed by
Western blotting under nonreducing conditions with an anti-GSH antibody to detect protein S-
glutathionylation adducts, and then compared with KRIT1 protein expression levels. B-actin was used
as internal loading control for Western blot normalization. Results are representative of three separate
experiments. Notice that KRIT1 knockdown in human brain microvascular endothelial cells leads to
a significant increase in the levels of protein S-glutathionylation adducts, which are significantly

reverted by cell treatment with the ROS scavenger Tiron.
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Figure 8. PKC activity regulates the nucleocytoplasmic shuttling of KRIT1. HeLa cells transiently
transfected with a construct encoding GFP-KRIT1 were either vehicle-treated (DMSO vehicle alone)
(CTRL, panels a-c), treated with PMA (20 ng/mL for 2 h) (PMA, panels d-f), or pre-treated with BIM
(1 pM for 30 min) before PMA treatment (BIM+PMA, panels g-i), and GFP-KRIT1 subcellular
distribution was assessed by fluorescence microscopy. Nuclei were visualized with the DNA-specific
blue fluorescent dye Hoechst. Images are representative of several (> 3) independent experiments.
Notice that, as compared to the prevalent nuclear localization of GFP-KRITL1 in vehicle-treated cells
(panels a-c), cell treatment with the PKC activator PMA resulted in a drastic shift in GFP-KRIT1
subcellular distribution towards an almost exclusively cytoplasmic localization (panels d-f), which
was prevented by cell pre-treatment with the PKC inhibitor BIM (panels g-i), suggesting a role for

PKC activation in regulation of KRIT1 nucleocytoplasmic shuttling. Scale bar represents 15 pum.
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Figure 9. The PKC-dependent nucleocytoplasmic translocation of KRIT1 occurs also in endothelial
cells. (A) Representative mCherry-KRIT1 fluorescence, nuclear staining (Hoechst), and merged
images in adenovirally transduced human pulmonary artery endothelial cells (HPAEC). Cells were
treated with DMSO vehicle (CTRL; panels a-c), 1 uM BIM for 30 min (panels d-f), 20 ng/mL PMA
for 2 h (panels g-i), or pretreated for 30 min with the PKC-specific inhibitor BIM (panels j-I) before
PMA administration. Subcellular localization of mCherry-KRIT1 was analyzed by epifluorescence
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microscopy. Consistent with observations in HelLa cells, PMA promoted KRIT1 translocation from
the nucleus to cytoplasm, while BIM treatment promoted nuclear accumulation. Scale bar represents
20 um. (B) Quantification of nuclear/cytoplasmic fluorescence. Data shown are mean ratios +/- SEM.

n=36 cells from 5 biological replicates. *p<0.05; **p<0.01 vs. vehicle.
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Figure 10. The N-terminal domain plays a crucial role in KRIT1 nucleus-to-cytoplasm translocation
induced by PKC activation. HeLa cells transiently transfected with a construct encoding GFP-
KRIT1A207, a GFP-tagged KRIT1 deletion mutant lacking the N-terminal domain (207 amino acids),
were treated with DMSO vehicle (CTRL) (panels a-c), PMA (panels d-f), or pretreated with BIM
before PMA administration (panels g-i), and the subcellular distribution of GFP-KRIT1A207 was
assessed by fluorescence microscopy. Nuclei were visualized with the DNA-specific blue fluorescent
dye Hoechst. Images are representative of several (> 3) independent experiments. Notice that the
absence of the N-terminal region impaired KRIT1 impaired ability to translocate from the nucleus to

cytoplasm upon PKC activation.
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Figure 11. PMA treatment induces Ser/Thr phosphorylation of KRIT1. (A) HeLa cells transiently
transfected with GFP-KRIT1 were treated with vehicle (CTRL), PMA or PMA plus BIM. Whole-cell
extracts were subjected to immunoprecipitation with anti-GFP antibody and Ser/Thr phosphorylation
of KRIT1 was detected with antibodies against pSer/Thr by Western blot analysis. Blots were probed

for GFP-KRIT1 as loading control for immunoprecipitation. Notice that after PMA treatment a
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marked phosphorylation of KRIT1 in Ser/Thr residues was detectable. BIM pretreatment completely
prevented PMA-induced KRIT1 phosphorylation. (B) Representative pSer/pThr blot of transduced
HPAEC lysates after immunoprecipitation with a specific anti-KRIT1 antibody. Blots were probed
for total KRIT1 as loading control for immunoprecipitation. Bands shown (100 kDa) are mCherry-
KRIT1, endogenous KRIT1 expression is below the antibody detection limit. Consistent with results
from HeLa cells, PMA treatment induced KRIT1 Ser/Thr phosphorylation. (C) Densitometry analysis
of pSer/pThr in HPAEC. Data shown are mean band density +/- SEM. n=6, *p<0.01 vs. vehicle. (D)
General KRIT1 phosphorylation sites reported in available phosphorylation databases (Ser, Thr and
Tyr residues indicated in light grey), and potential PKC-specific KRIT1 Ser and Thr phosphorylation
sites predicted by our analysis with the Group-Based Prediction System (GPS) 5.0 (Ser and Thr
residues indicated in black and red colors, where the red color serves to highlight residues reported

also in phosphorylation databases).
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Figure 12. PtS@Rapa NPs as an antioxidant nanocarrier for rapamycin delivery. (A) Viability of
KRIT1-KO MEFs after exposure for 24 and 48 h to 50 pg/mL Pt5 or PtS@Rapa NPs. Viability of
treated cells is expressed as relative to untreated control cells (CTRL). Data are reported as mean +
standard deviation (SD). (B) Representative confocal fluorescence images of the internalization of
Pt5@Rapa NPs into KRIT1-KO MEFs. Scale bar: 20 um. Top left: fluorescent Pt5@Rapa NPs (red);
top right: lysosomes stained with LysoTracker Green (green); low left: merged images; low right:

magnification of the area in the white box. (C) Immunoblot analysis of p62 expression in KRIT1-KO
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MEFs untreated (CTRL) or treated for 15 h with 50 pg/mL Pt5, Pt5@Rapa NPs, or 500 nM
rapamycin. Vinculin was used as a loading control. (D) Quantification of p62 on vinculin in KRIT1-
KO MEFs, representative of three independent Western blot experiments, is reported. (E) ROS levels
in KRIT1-KO MEFs untreated (CTRL), or exposed for 15 h to 50 ug/mL of citrate-capped Pt5, Pt5,
PtS@Rapa NPs, or 500 nM rapamycin was evaluated by dichlorodihydrofluorescein diacetate
(DCFH-DA) assay. DCF intensity of treated KRIT1-KO MEFs is expressed relative to untreated
KRIT1-KO MEFs. At least three independent experiments were performed. Data are expressed as
mean + SD. Differences between treated samples and the control were considered statistically

significant for p-values <0.05 (***p < 0.001).
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Figure 13. Pt5@Rapa NPs as angiogenesis modulator. (A) Immunoblot analysis of KRIT1 silencing
in HUVEC:s transfected with negative control siRNA (unsilenced) or KRIT1 siRNA (siKRIT1) for
72 h. Vinculin was used as loading control. (B) Quantitative evaluation of tube formation as the
number of closed polygons formed in 8 fields for each experimental condition: unsilenced or KRIT1-
silenced HUVECS, left untreated (CTRL) or treated for 15 h with 50 ug/mL of Pt5 NPs, 500 nM
rapamycin, or 50 pg/mL of PtS@Rapa NPs. All the data are presented as mean + SD. (C)
Representative images of one of three independent experiments of capillary networks visualized by
fluorescent calcein staining. Magnifications are reported in the inserts. Scale bars, 200 um for full

fields and 400 um for magnified fields.
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Figure 14. Schematic model of Pts@Rapa NP mechanism of action in KRIT1-KO cells. (A) KRIT1
loss-of-function impairs autophagy, leading to the aberrant accumulation of autophagy adapter p62,
which, in turn, enhances intracellular ROS and promotes the EndMT switch, the two crucial events
that contribute to CCM progression. (B) Therapeutic reactivation of autophagy with rapamycin in
KRIT1-KO cells decreases p62 accumulation, reduces intracellular accumulation of ROS, and
inhibits the EndMT switch. (C) PtNPs-based combinatorial treatment exerts synergistic effects that
enhances the efficacy of the therapeutic treatment. Pt5@Rapa NPs in KRIT1-KO cells work as
multifunctional nanoplatform simultaneously acting as ROS-scavenging materials and drug
nanocarriers. Pt5@Rapa NPs counterbalance the increase in intracellular ROS levels through their
activity of antioxidant enzymes and deliver rapamycin into the cells to decrease the aberrant
accumulation of p62. Together, these activities restore ROS homeostasis and inhibit EndMT with a

higher efficacy than the treatment with rapamycin alone.
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Figure 15. Lipid nanoparticles (IL) as multi-drug delivery system. (A) Immunoblot analysis of the
oxidative stress marker SOD2 expression in KRIT1-KO and KRIT1+/+ MEFs untreated (CTRL) or
treated for 12 hours with solid lipid nanoparticles conjugated with rapamycin, bevacizumab,
avenanthramide, or with a mixture of all three compounds (herein indicated as MIX) to a final
concentration of: AVN = 15 pg/mL (50 uM), RAPA = 0.46 ug/mL (500 nM), BVZ = 10 ug/mL (70
nM). After treatment cells were lysed, as described in Materials and methods, and analyzed for
indicated protein by Western blot analysis. (B) The histogram represents the quantitative evaluation
by densitometric analysis of SOD2 protein expression levels reported as relative protein level units
referred to average value obtained for K9/6 samples. a-tubulin was used as internal loading control
for WB normalization. Notice that treatment with rapamycin- and avenanthramide- loaded lipid
nanoparticle significantly increase the expression level of SOD2 as compared to control cells. Data

show also that lipid nanocarrier exerts an antioxidant effect partially restoring SOD2 expression level.
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Figure 16. Treatment with lipid nanoparticles (ILs) restores autophagy in KRIT1-KO cells. (A)
Immunoblot analysis of p62 expression in KRIT1-KO MEFs untreated (CTRL) treated for 12 hours
with solid lipid nanoparticles conjugated with rapamycin, bevacizumab, avenanthramide, or with a
mixture of all three compounds (herein indicated as MIX) to a final concentration of: AVN = 15
ug/mL (50 uM), RAPA = 0.46 pg/mL (500 nM), BVZ = 10 pg/mL (70 nM). After treatment cells
were lysed, as described in Materials and methods, and analyzed for indicated protein by Western
blot analysis. (B) Histograms represent the quantification by densitometric analysis of p62 protein
expression levels reported as relative protein level units referred to average value obtained for K9/6
samples. a-tubulin was used as internal loading control for WB normalization. Notice that rapamycin-
and mix- loaded lipid nanoparticles reactivate autophagy thus decreasing the cellular accumulation
of autophagy adapter p62, while avenanthramide plays an opposite effect.
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Figure 17. Schematic models representing adaptive redox responses and cellular states associated
with KRIT1 loss-of-function. (A) Redox-sensitive pathways modulated by KRIT1 functions. KRIT1
loss-of-function causes a persistent activation of the major redox-sensitive transcription factors c-Jun
and Nrf2 and consequent upregulation of downstream targets, including cycloxygenase-2 (COX-2),
heme oxygenase-1 (HO-1) and glyoxalase 1 (GLO1). While the c-Jun/COX-2 axis promotes pro-
oxidant and pro-inflammatory effects, the Nrf2/HO-1 and Nrf2/GLO1 pathways mediate adaptive
antioxidant responses that counteract these effects by limiting ROS and MG intracellular
accumulation, thus contributing to reduce a vicious cycle of oxidative stress and providing an adaptive
defense for long-term cell survival. However, this sustained adaptive redox homeostasis occurs at the
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expense of other cytoprotective mechanisms, including the MG-dependent formation of
cytoprotective AP-Hsp27 protein adducts, leading to enhanced cell susceptibility to oxidative DNA
damage and apoptosis, and sensitizing cells to additional stressful insults. (B) Spectrum of cellular
states associated with KRIT1 loss-of-function. Cellular stress and defense responses associated with
KRIT1 dysfunctions can be viewed as distinct but overlapping components of a spectrum of cellular
states that ranges from basal homeostatic state, to adaptive stress response, insufficient defense, and
defense failure, each of which can be defined in terms of the maintenance of molecular and cellular
functions within an acceptable dynamic range. In turn, differences in expression and functional levels
of stress-responsive proteins and adaptive defense mechanisms acting within the range of each
cellular state may be influenced by genetic variation, resulting in inter-individual differences in

adaptive stress responses and susceptibility to disease onset and progression.
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Figure 18. Schematic model representing the S-glutathionylation of distinct structural and regulatory
proteins as a novel molecular signature of KRIT1 loss-of-function. The altered intracellular redox
homeostasis caused by KRIT1 loss-of-function affects the glutathione (GSH) redox system, leading
to a significant decrease in total GSH levels and increase in oxidized glutathione disulfide (GSSG),
with a consequent deficit in the GSH/GSSG redox ratio and GSH-mediated antioxidant capacity.
These effects are associated with increased S-glutathionylation of distinct proteins involved in
adaptive responses to oxidative stress, including redox-sensitive chaperonins, metabolic enzymes,
and cytoskeletal proteins, suggesting a novel molecular signature of KRIT1 loss-of-function that

could contribute to its emerging pleiotropic effects in the pathogenesis of CCM disease.
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Figure 19. Potential interplay between methylglyoxal (MG)-mediated glycation and S-
glutathionylation pathways induced by KRIT1 loss-of-function. The impairment of intracellular
redox homeostasis caused by KRIT1 loss-of-function leads to a reactive oxygen species (ROS)-
dependent sustained activation of the INK-Nrf2 (c-Jun N-terminal kinase -nuclear factor erythroid 2-
related factor) pathway and upregulation of downstream targets, including Glyoxalase 1 (Glol). In
turn, Glol upregulation results in decreased intracellular levels of cytoprotective MG adducts,
including argpyrimidine (AP)-modified heat-shock proteins (HSP) 27 and 70, leading to an increased
cell susceptibility to oxidative damage and mitochondria-dependent apoptosis. Concomitantly,
KRIT1 loss-of-function affects the glutathione (GSH) redox system, causing a significant decrease in
the GSH:GSSG redox ratio and an increase in the S-glutathionylation of important structural and
regulatory proteins, including metabolic enzymes; cytoskeletal proteins; and chaperonines, such as
the HSP60. A potential interplay between the MG-mediated glycation and S-glutathionylation
pathways may also occur, including the modulation of the GSH:GSSG redox ratio by MG and the
contribution of S-glutathionylation to ROS production and Nrf2 activation (hatched red lines), leading
to a synergistic contribution to the chronic adaptive redox homeostasis and enhanced cell
susceptibility to oxidative stress associated with KRIT1 loss-of-function mutations. Eventually, these
synergistic pathological effects might therefore culminate in cerebral cavernous malformation (CCM)

disease onset and severity.
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Figure 20. Schematic representation of the synergistic rescue effects of composite
platinum/rapamycin nanosystems (Pt@Rapa NPs) in KRIT1-deficient cells. Red and green arrows
indicate the detrimental effects of KRIT1 loss-of-function, and the beneficial multifunctional
biological activities of platinum/rapamycin nanosystems, respectively. KRIT1 loss-of-function
impairs redox homeostasis, mitochondrial function, and autophagy, leading to major molecular and
cellular hallmarks of CCM disease pathogenesis, including the aberrant accumulation of intracellular
ROS and autophagy markers, such as the p62/SQTSML1 protein, and the induction of endothelial to
mesenchymal transition (EndMT), which are synergistically rescued by Pt@Rapa NPs.
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— SwissProt — e— Gene Mascot [ Unique Sequence Mass ol
Accession name score peptides | coverage (%) (Da)

1 P16858 Glyceraldehyde-3-phosphate dehydrogenase Gapdh 165 3 7.8 36072 | 8.44
2 P16858 Glyceraldehyde-3-phosphate dehydrogenase Gapdh 95 2 75 36072 | 8.44
3 P16858 Glyceraldehyde-3-phosphate dehydrogenase Gapdh 100 2 7.8 36072 | 8.44
4 P17182 Alpha-enolase Enol 553 12 29.7 47453 | 6.37
5 P17182 Alpha-enolase Enol 818 15 422 47453 | 6.37
6 P17182 Alpha-enolase Enol 710 14 399 47453 | 6.37
7 P63038 60 kDa heat shock protein Hspdl 856 14 342 61088 | 5.91
8 P20152 Vimentin Vim 993 22 50.0 53712 | 5.06
9 P20152 Vimentin Vim 968 21 50.4 53712 | 5.06
10 P14211 Calreticulin 1 Calr 163 4 8.4 48136 | 4.33
11 Q04447 Creatine kinase B-type Ckb 190 16.5 42971 5.4
12 Q04447 Creatine kinase B-type Ckb 179 4 16.8 42971 5.4
13 P68372 Tubulin beta-4B chain Tubb4b 582 11 29.4 50255 | 4.79
14 P60710 Actin, cytoplasmic 1 Actb 185 4 173 42052 | 5.29
15 P60710 Actin, cytoplasmic 1 Actb 341 7 22.7 42052 | 5.29
22 P20152 Vimentin Vim 945 22 43.8 53712 | 5.06
23 P20152 Vimentin Vim 961 20 47.9 53712 | 5.06
24 P60710 Actin, cytoplasmic 1 Actb 276 S 16.3 42052 | 5.29
25 P60710 Actin, cytoplasmic 1 Actb 276 5 16.3 42052 | 5.29
58 QS8E70 Tpm 3 protein Tpm3 502 10 37.9 29231 | 4.75

Q6IRU2 | Tropomyosin alpha-4 chain Tpm4 308 6 27.0 28564 | 4.65

Table 1. Mass spectrometry analysis of tryptic digests from S-glutathionylated proteins. Spot

number, SwissProt accession, protein description, gene name,

peptides identified, sequence coverage, and theoretical mass and pl values are reported.

Mascot score, number of unique
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