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Senescence in the cerebral endothelium has been proposed as a mechanism that can drive dysfunction of the cerebral vasculature, which precedes vascular dementia. Cysteine-rich angiogenic inducer 61 (Cyr61/CCN1) is a matricellular protein secreted by cerebral endothelial cells (CEC). CCN1 induces senescence in fibroblasts. However, whether CCN1 contributes to senescence in CEC and how this is regulated requires further study. Aging has been associated with the formation of four-stranded Guanine-quadruplexes (G4s) in G-rich motifs of DNA and RNA. Stabilization of the G4 structures regulates transcription and translation either by upregulation or downregulation depending on the gene target. Previously, we showed that aged mice treated with a G4-stabilizing compound had enhanced senescence-associated (SA) phenotypes in their brains, and these mice exhibited enhanced cognitive deficits. A sequence in the 3′-UTR of the human CCN1 mRNA has the ability to fold into G4s in vitro. We hypothesize that G4 stabilization regulates CCN1 in cultured primary CEC and induces endothelial senescence. We used cerebral microvessel fractions and cultured primary CEC from young (4-months old, m/o) and aged (18-m/o) mice to determine CCN1 levels. SA phenotypes were determined by high-resolution fluorescence microscopy in cultured primary CEC, and we used Thioflavin T to recognize RNA-G4s for fluorescence spectra. We found that cultured CEC from aged mice exhibited enhanced levels of SA phenotypes, and higher levels of CCN1 and G4 stabilization. In cultured CEC, CCN1 induced SA phenotypes, such as SA β-galactosidase activity, and double-strand DNA damage. Furthermore, CCN1 levels were upregulated by a G4 ligand, and a G-rich motif in the 3′-UTR of the Ccn1 mRNA was folded into a G4. In conclusion, we demonstrate that CCN1 can induce senescence in cultured primary CEC, and we provide evidence that G4 stabilization is a novel mechanism regulating the SASP component CCN1.
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INTRODUCTION
The blood-brain barrier (BBB) is the physical barrier between the brain parenchyma and the periphery (Wang et al., 2018). It is formed by cerebral endothelial cells (CEC), pericytes, astrocytes, and smooth muscle cells. A healthy cerebrovascular endothelium is essential to maintain low and selective permeability of the BBB (Chen and Liu 2012), which allows both proper nutrient delivery to the brain and protection from infections. However, dysfunction of CEC can contribute to BBB disruption (Jia et al., 2019). Thus, identifying molecular mechanisms that can promote endothelial damage is critical for our understanding of cerebral endothelium dysfunction, and to guide us in developing new therapeutic strategies to preserve BBB function.
During aging, CEC enter into a non-proliferative state named senescence. This state is characterized by enhanced DNA damage (Lahteenvuo and Rosenzweig 2012) and secretion of pro-inflammatory cytokines that induce senescence in neighboring cells (Tchkonia et al., 2013). This “senescent-associated secretory phenotype (SASP)” in CEC contributes to cerebral endothelium dysfunction and dementia (Wang et al., 2018; Graves and Baker 2020). This senescence phenotype adversely affects the cerebral vasculature in a multifaceted manner (Pelegri et al., 2007; Del Valle et al., 2009; Yamazaki et al., 2016; Graves and Baker 2020). Currently, the agents that induce CEC senescence are poorly defined.
The extracellular matrix protein cysteine-rich angiogenic inducer 61 (Cyr61/CCN1) participates in a wide variety of functions, such as promoting cell survival, cell proliferation, angiogenesis and wound repair. However, CCN1 has also been shown to promote senescence in fibroblasts (Jun and Lau 2010) and is one of the characteristic SASP genes. In the brain, CCN1 is produced and secreted by endothelial cells and astrocytes. Recently, it was found that Ccn1 is the most highly upregulated gene in senescence-induced astrocytes, but not in reactive astrocytes (Simmnacher et al., 2020), highlighting its specific role in cellular senescence. Whether the SASP factor CCN1 contributes to senescence specifically in CEC and how CCN1 is regulated warrants further study.
Aging is associated with the formation of four-stranded Guanine-quadruplexes (G4s) in guanine-rich motifs of DNA and RNA (Lejault et al., 2020; Moruno-Manchon et al., 2020; Teng et al., 2020). Hoogsteen hydrogen bonds align four guanines in a sequence in a planar tetrad, and several tetrads can be stacked in one single G4. Growing evidence in living cells indicates that G4 stabilization regulates transcription (Siddiqui-Jain et al., 2002; Agarwal et al., 2014; Armas et al., 2017; Moruno-Manchon et al., 2017; Lejault et al., 2020; Moruno-Manchon et al., 2020) and translation (Schaeffer et al., 2001; Khateb et al., 2007), either upregulating or downregulating expression depending on the gene target (Armas et al., 2017; Fay et al., 2017). G4s are also involved in RNA splicing (Zhang et al., 2019), mRNA subcellular localization (Subramanian et al., 2011), and DNA integrity (Kruisselbrink et al., 2008; Castillo Bosch et al., 2014; Moruno-Manchon et al., 2017; Techer et al., 2017). Previously, we found that treating aged mice with a G4-stabilizing compound led to enhanced SA phenotypes in the brain (DNA damage and lipofuscin accumulation), compared with age-matched controls (Moruno-Manchon et al., 2020). Mice treated with a G4-stabilizer also exhibited enhanced cognitive deficits in comparison to control mice (Moruno-Manchon et al., 2020). We further demonstrated that stabilizing G4s induced DNA damage in cultured neurons (Moruno-Manchon et al., 2017) and contributed to impairment of autophagy, which is associated with senescence (Moreno-Blas et al., 2019; Salazar et al., 2020; Sunderland et al., 2020). In addition, G4 stabilization induced DNA damage in cultured astrocytes and microglia (Lejault et al., 2020; Moruno-Manchon et al., 2020; Tabor et al., 2021). Thus, the stability of G4 structures appears to have a wide influence in cells relevant to the development of dementia.
In this study, we show that CCN1 is upregulated in cultured primary CEC derived from aged mice compared with those derived from young mice. Treating CEC with a recombinant CCN1 protein exacerbated SA phenotypes in cultured CEC from aged mice. CCN1 levels were upregulated by a G4 stabilizing drug, which promoted CEC senescence. Finally, we propose that CCN1 levels increase by the stabilization of G4 in a motif found in the 3′-UTR of the Ccn1 mRNA. Thus, our study highlights the role of CCN1 in contributing to endothelial senescence and proposes a novel mechanism by which SASP component CCN1 is regulated.
MATERIALS AND METHODS
Animals and Ethics Statement
3–4 and 18–20 months old (m/o) C57BL/6J female mice were obtained from Jackson laboratories and raised in the animal facilities at the University of Texas McGovern Medical School. The experiments were conducted following the protocol approved by the Center for Laboratory Medicine and Care (CLAMC, protocol number AWC-21-0084) at the University of Texas McGovern Medical School. Mice were maintained in an environment with constant temperature and humidity on a 12 h light/12 h dark schedule, and with ad libitum access to water and mouse lab pellets. Researchers and veterinarians manipulated mice with no distress, pain, or injury.
Antibodies and Reagents
Antibodies against CCN1 were obtained from Santa Cruz Technologies (#sc-374129). Antibodies against p16INK4A were from Biomatik (#CAF10165). Antibodies against BG4 were from Sigma-Millipore (#MABE917). Antibodies against CD31 (#ab28364), γH2AX (#ab11174), and β-Tubulin (#ab7751) were from Abcam.
Recombinant Cyr61/CCN1 protein was from Novus Biologicals (#NBP2-34944). Pyridostatin was purchased from Cayman (#18013). Thioflavin T was purchased from Sigma-Aldrich (#T3516). RNA oligos were purchased from Sigma-Millipore (#VC40001). Hoechst dye was from Santa Cruz Biotechnology (#SC-394039).
Isolation of Cerebral Endothelial Cells From Adult Mouse Brains and Culture
Primary CEC were isolated from adult 3–4 and 18–20 m/o old C57BL/6J mice using the Adult Brain Dissociation Kit according to the manufacturer’s instructions (MACS Miltenyi Biotec, #130-107–677). Briefly, mouse brains were homogenized and enzymatically digested. Homogenized brains were filtered through 70 µm-pore strainers, and debris was separated by centrifugation (3,000 × g, 10 m). Cellular suspensions were then treated to remove red blood cells. Finally, cellular suspension was plated in pre-coated flasks with 0.1% sterile porcine gelatin (Biological Industries, #01-944-1B). Cells were maintained in Complete Mouse Endothelial Cell Medium/w Kit (Cell Biologics, #M1168) supplemented with puromycin (4 μg/ml) for 48 h to select endothelial cells (Perriere et al., 2005). After 48 h, cells were washed with PBS to remove puromycin and debris. Cells were then maintained in fresh Complete Mouse Endothelial Cell Medium until 100% confluence.
Isolation of Cerebral Microvessels From Adult Mice
Mouse brains were dissected and the cortices were homogenized in MCDB 131 medium (ThermoFisher, #14190144) using a loose-fit 7-ml Dounce tissue grinder and centrifuged (2,000 × g, 2 m). After centrifugation, the pellets were resuspended in 15% (wt/vol) dextran–DPBS and centrifuged (10,000 × g, 15 m) to remove white matter. The pellets were again resuspended with DPBS and filtered through 40 µm strainer. Microvessels remained in the filter and were fixed with 4% paraformaldehyde-DPBS for 10 m. The strainer was inverted and microvessels were collected in a 50 ml tube with DPBS and centrifuged. The pellets were resuspended. 50 µl of microvessels suspensions were placed on a microscope slide and air-dried overnight for subsequent immunostaining (Lee et al., 2019).
Immunocytochemistry
Cultured CEC were fixed with 4% paraformaldehyde for 10 m, washed with PBS, and permeabilized with a 0.5% Triton-X100/PBS solution for 10 m at room temperature. Fixed cells or microvessels were blocked with a solution containing 5% bovine serum albumin and 0.1% Triton X-100 in PBS, at room temperature for 1 h. Then, cells or microvessels were incubated with a solution of primary antibodies in blocking solution overnight at 4°C. Cells or microvessels were washed and incubated with Alexa Fluor®-conjugated secondary antibodies against the host species used to generate the primary antibodies (Abcam), and with the Hoechst dye to stain nuclei, which was imaged in the DAPI channel.
A blinded investigator imaged 5–10 microscopic fields (×20 and ×40 objectives) using the same exposure time and light intensity. We established threshold limits for each marker for quantitative analyses. The mean of fluorescence intensities in each region of interest was quantified with ImageJ software. The fluorescence intensities from the background of each picture were subtracted from the correspondent values of the region of interest in the same image.
Western Blotting
Cultured primary CEC were collected in RIPA buffer (150 mM NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM Tris/HCl pH 8.0), with a cocktail of phosphatase and protease inhibitors (Sigma Aldrich). Cells were lysed with three cycles of freezing-thawing. Each cycle consisted of 5 m in dry ice, 30 s in a water bath at 37°C, 5 m on ice, and vortex samples for 30 s. Cellular lysates were cleared by centrifugation at 15,000 × g for 15 m at 4°C. The supernatants were collected and protein concentrations were analyzed by the PierceTM Bicinchoninic Acid Protein Assay Kit (ThermoFisher Scientific, #23225). Cleared lysates were diluted in sample buffer, boiled at 95°C and run in 4–20% Mini-PROTEAN TGX gels (BioRad). Proteins were transferred on to nitrocellulose membranes in transfer buffer containing 20% methanol at 0.2 Å for 2 h at 4°C. Membranes were blocked with 5% non-fat dry milk (1 h at room temperature). Membranes were incubated with primary antibodies overnight at 4°C. Then, membranes were incubated with secondary antibodies against the host species used to generate the primary antibodies conjugated with HRP 1 h at room temperature. Chemiluminescent signal was produced using SuperSignal™ West Femto Maximum Sensitivity Substrate (ThermoFisher, #34094) and detected with a charge-coupled device camera-based scanner.
The band intensity from each lane of the protein of interest was quantified with the ImageJ software and related to the band intensity of the correspondent lane of β-Tubulin.
Senescence-Associated β-galactosidase Staining
Cultured CEC were fixed with 4% paraformaldehyde at room temperature for 5 m, washed with PBS, and incubated with the β-galactosidase Staining Solution (1 mg/ml X-Gal, pH 6.0) from the Senescence β-galactosidase Staining Kit (Cell Signaling, #9860) at 37°C, accordingly to the manufacturer’s instructions. Fixed cells from all experiments were incubated for the same time (24 h) to avoid intensity changes due to differences in incubation times. The percentage of cells positive to the Senescence β-galactosidase Staining was calculated by a blinded investigator to experimental groups using ImageJ software.
RNA G4 Detection Using Thioflavin T
The oligonucleotides corresponding to the 3′-UTR of Ccn1 mRNA and a negative control (G > T in the putative G4 forming region) were dissolved in a buffer (40 mM KCl, 20 mM tris-HCl, pH 7.0) for a 100 µM stock solution. Thioflavin T was dissolved in hot water for a 100 µM stock solution. The RNA stocks were dissolved in the buffer (4 µM) and annealed by heating at 90°C for 2 m and then cooled down slowly to room temperature for 2 h. The annealed RNA samples, or only the buffer as control, were mixed with Thioflavin T (2 µM) in a 96-well plate and the fluorescence emission was measured at 484 nm with excitation at 440 nm in a microplate reader (Xu et al., 2016). The oligonucleotide sequences are:
3′-UTR Ccn1 –G1: UCA​UGG​AGA​CGU​GGG​UGG​GCG​GAG​GAU​GAA​U.
3′-UTR Ccn1 –G1 Negative Control: UCA​UGUAGA​CGU​GGG​UGG​GCG​GAG​GAU​GAA​U.
Gene Expression by RT-qPCR
Cultured CEC were collected and processed following the manufacturer’s instructions of the RNeasy Mini Kit (Qiagen, #74104) to isolate total RNA. RNA was reverse transcribed with the iScript Reverse Transcription SuperMix (Bio-Rad, #1708840) and then used to analyze the gene expression by qPCR. 2 µl of cDNA of a sample were diluted in iTaq Universal SYBR® Green Supermix (Bio-Rad, #1725121) per reaction and run using a Bio-Rad CFX96 Touch device (95°C for 3 m, and 40 cycles of 95°C for 10 s and 55°C for 30 s).
Sequences of primers: Forward Mouse Ccn1 5′-GTG​AAG​TGC​GTC​CTT​GTG​GAC​A-3′; Reverse Mouse Ccn1 5′-CTT​GAC​ACT​GGA​GCA​TCC​TGC​A-3′; Forward Mouse Gapdh 5′-CAA​GGT​CAT​CCA​TGA​CAA​CTT​TG-3′; Reverse Mouse Gapdh 5′-GTC​CAC​CAC​CCT​GTT​GCT​GTA​G-3′. The relative expression of the gene of interest was calculated with the double delta Ct method related to the relative expression of Gapdh.
RNA Sequencing
Cultured CEC isolated from young and aged male mice were cultured and maintained in 75 cm2 flask until cells reached 100% confluence. mRNA from each flask was isolated using the RNeasy Mini kit (Qiagen, #74104) and reverse transcribed with the iScript cDNA Synthesis kit (Bio-Rad, #1708890). cDNAs were sent to Qiagen for RNA sequencing analyses.
Bioinformatics Analysis
Putative G4 motifs in the Ccn1 mRNA were predicted using the G4Hunter bioinformatics tool (http://bioinformatics.ibp.cz/#/) with the following settings: Threshold = 1.2; Window size = 25. A threshold of 1.2 provides a good estimation of potential G4 forming motifs with a false discovery rate (FDR) of 10%. Window size of 25 is closed to the mean length of G4 forming sequences (26 nucleotides) (Bedrat et al., 2016). The G4Hunter analyses give a score for each analyzed sequence. A G4Hunter score of a sequence above 1 is regarded as a good predictor of its ability to fold into a G4 in vitro (Bedrat et al., 2016).
Statistics
All analyses were performed using GraphPad Prism software (v.7). We used Student’s t-test to compare means from two independent groups. A value of p < 0.05 was considered significantly different. Bar graphs represent mean ± SEM.
RESULTS
Cultured Primary CEC Isolated From the Brains of Aged Mice Show Senescence-Associated Phenotypes Compared With Young Mice
We first evaluated the purity of our primary CEC culture preparation. Cultures of primary CEC from adult mice showed minimal contamination with other brain cell types (Supplementary Figure S1). We compared the transcriptional signature of our CEC culture obtained from RNA sequencing analysis with that from the microvasculature of mice (Song et al., 2020), and found that 41% of the 1,000 highest upregulated genes found in cultured CEC from young males corresponded with the most upregulated genes found in the microvessels of 6–7 weeks old male mice (Supplementary Table S1). These genes are involved in important endothelial functions such as, transcription, translation, transport, cell-cell interaction, metabolism, proliferation, exocytosis and endocytosis, etc. Thus, our primary culture of CEC conserves important features of the brain vasculature and is relevant to studies of the cerebral endothelium.
We next generated primary CEC from the brains of 4 and 18-m/o mice to evaluate SA-phenotype. SA-β-galactosidase staining is commonly used as a marker of senescent cells as these cells exhibit enhanced activity of the lysosomal enzyme SA-β-galactosidase (Dimri et al., 1995). Thus, CEC were stained for SA-β-galactosidase, and quantified as the percentage of cells positive to SA-β-galactosidase (Figures 1A,B). In addition, CEC from young or aged mice were stained with antibodies against γH2AX and p16INK4a. γH2AX is a marker of double-strand breaks, the most severe form of DNA damage (Noubissi et al., 2021); and p16INK4a is a tumor suppressor, overexpression of which is associated with cell cycle arrest and cell senescence (Oh et al., 2021). Aged CEC exhibited higher levels of both the DNA damage marker γH2AX (Figures 1C,D) and the tumor suppressor p16INK4a (Figures 1E,F), compared with young cells. These findings indicate that the age-dependent senescent phenotype is recapitulated in the primary CEC, and that this experimental approach can be useful in the study of cerebral endothelial aging.
[image: Figure 1]FIGURE 1 | Cultured primary CEC from aged mice recapitulated senescence-associated phenotypes observed in vivo. CEC were isolated from young (3–4 m/o) and aged (18–20 m/o) female mice and cultured. Young and aged cultured CEC were stained for SA-β-galactosidase (A), with antibodies against the double-strand DNA damage marker γH2AX (C), or with antibodies against the tumor suppressor p16INK4A (E). The nuclear Hoechst dye was used to stain nuclei and imaged with the DAPI channel (C,E). The percentage of SA-β-galactosidase-positive cells (B), the fluorescence intensity of γH2AX (D) and the fluorescence intensity of p16INK4A (F) were quantified. Scale bar (A), 100 μm; scale bar (C), 25 μm; scale bar (E), 25 μm. t-test, ***p-value < 0.0001. Data were pooled from three independent experiments, 20 microscopic fields (A,B), or 50 cells (C–F) per each experiment and condition.
Cultured CEC Isolated From Aged Mice Exhibit Higher Levels of G4
G4 stabilization has been associated with aging (Moruno-Manchon et al., 2017; Lejault et al., 2020; Moruno-Manchon et al., 2020; Teng et al., 2020). Previously, we found that treating aged mice with pyridostatin (PDS) induced DNA damage, lipofuscin accumulation, and memory impairment in aged mice (Moruno-Manchon et al., 2020), indicating that the G4 structures play a causative role in SA phenotypes and aging.
In this experiment, we determined if cultured CEC isolated from aged mice exhibit enhanced levels of G4s. CEC from young and aged mice were stained with antibodies against G4s (BG4). We found that the BG4-positive puncta localized inside and outside the nuclei of aged CEC (Figures 2A,C). Anti-BG4 can recognize both DNA-G4 and RNA-G4. Thus, to evaluate predominantly RNA-G4, we incubated the fixed cells with DNaseI to deplete DNA targets (1 mg/ml, 2 h, 37°C). We found that aged CEC still had higher levels of BG4, mostly located outside of the nuclei, compared with young CEC (Figures 2B,D). These results confirm that enhanced levels of DNA and RNA G4s are features of aging in cultured CEC.
[image: Figure 2]FIGURE 2 | Cultured CEC from aged mice showed higher levels of RNA-G4 than cultured young CEC. (A) CEC were isolated from young (4-m/o) and aged (20-m/o) female mice and cultured. Cells were fixed and stained with antibodies against G4 (BG4) anti against actin, and with the nuclear Hoechst dye. (B) Cultured CEC from young and aged female mice were fixed and incubated with DNaseI to eliminate DNA G4, and then stained with antibodies against G4 (BG4) and against actin, and with the nuclear Hoechst dye. (C,D) BG4 fluorescence intensities were measured. (C) Quantification from (A). Scale bar (Yg), 20 μm; Scale bar (Ag), 40 μm. t-test, *p-value = 0.0116. (D) Quantification from (B). t-test, *p-value = 0.0435. Data were pooled from three independent experiments analyzing 50 cells per condition and experiment.
G4 Stabilization Induces Senescence in Cultured CEC
Next, we tested the hypothesis that G4 stabilization induces senescence in CEC. We can stabilize G4s in cultured cells by using small G4-stabilizing compounds, such as PDS that intercalate between guanines aligned in the G4 planar tetrads of a DNA or RNA sequence.
Given that cultured cells can become senescent days after a genotoxic stimulus (Kirkland and Tchkonia 2017), we treated CEC with a long-term exposure time of PDS at a low concentration. Cultured primary CEC isolated from aged mice were treated either with a low concentration of PDS (0.5 µM), or a vehicle, for 4 days. Cells were fixed and stained with antibodies against γH2AX, and we measured γH2AX fluorescence intensity. CEC treated with PDS showed higher γH2AX fluorescence intensity compared with control cells (Figures 3A,B). We also observed that CEC treated with PDS showed a significant increase in their nuclear size, which is also a feature of cell senescence (Rey et al., 2017; Bang et al., 2021) (Figure 3C). Another cohort of cultured primary CEC was treated either with PDS, or with a vehicle, and stained for SA-β-galactosidase. We found that a higher percentage of PDS-treated CEC was positive for SA-β-galactosidase staining compared with the control cells (Figures 3D,E). Thus, G4 stabilization exacerbated senescence in cultured CEC isolated from aged mice.
[image: Figure 3]FIGURE 3 | A G4-stabilizing compound exacerbated senescence-associated phenotypes in cultured CEC. (A) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle (water), for 4 days. CEC were fixed and stained with antibodies against γH2AX and the nuclear Hoechst dye (DAPI channel). Scale bar, 50 µm (B) Quantification of the fluorescence intensity of γH2AX from (A). t-test, ***p-value = 0.0003. Data were pooled from three independent experiments analyzing 50 cells per condition and experiment. (C) Quantification of the nuclei size. t-test, ***p-value = 0.0001. Data were pooled from three independent experiments analyzing 50 cells per condition and experiment. (D) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle (water), for 4 days. CEC were fixed and stained with the SA-β-galactosidase staining kit. Scale bar, 50 µm. (E) Quantification of the percentage of SA-β-galactosidase-positive cells. t-test, **p-value = 0.0015. Data were pooled from three independent experiments analyzing 50 cells (A–C) or 20 microscopic fields (D,E) per condition and experiment.
The Cerebral Vasculature and Cultured Primary CEC Isolated From Aged Mice Show Increased Levels of CCN1
Enhanced levels of CCN1 have been associated with senescence in non-endothelial cell types (Jun and Lau 2010; Simmnacher et al., 2020). Thus, we hypothesized that CCN1 was upregulated in the cerebral vasculature of aged mice compared with young brains. We isolated cerebral microvessels from the brains of young and aged mice and stained with antibodies against an endothelial marker (CD31), and CCN1, and labeled nuclei with the Hoechst dye. We found that the fluorescence intensity of CCN1 was enhanced in the cerebral microvessels from aged mice compared with young mice (Figure 4A). Similarly, we determined whether cultured primary CEC also recapitulate the enhancement of CCN1 levels with aging as we observed in microvessels from aged mice. Thus, we generated primary CEC from young and aged mice and measured CCN1 levels by Western blotting. The level of CCN1 was significantly increased in CEC from aged mice compared with young mice (Figures 4B,C).
[image: Figure 4]FIGURE 4 | CCN1 was upregulated in the microvessels isolated from the brains of aged mice and in cultured CEC isolated from aged mice compared with young mice. (A) Representative image of microvessels isolated from the brains of young (3–4 m/o) and aged (18–20 m/o) female mice, and stained with antibodies against the endothelial marker CD31, with antibodies against CCN1, and with the nuclear Hoechst dye (DAPI channel). Scale bar, 25 µm. (B) CEC were isolated from young (3-4- m/o) and aged (18–20 m/o) female mice, cultured and maintained until 100% confluence. Cells were collected and lysed and processed for gel electrophoresis and analyzed for Western blotting. (C) Band intensities of CCN1 relative to tubulin. t-test, ** p-value < 0.0019. Data were obtained from four mice per age.
Our data indicate that microvessels and CEC isolated from the brains of aged mice show enhanced SA phenotype compared with those from young mice, and that CCN1 was upregulated in the cerebrovasculature and in cultured primary CEC with aging. These findings suggest that senescence in the cerebral vasculature is associated with enhanced levels of CCN1 in aged mice. However, whether increased CCN1 is a causative factor in promoting senescence in primary CEC remained to be established.
CCN1 Enhances Senescence Phenotype in Cultured CEC From Aged Mice
CCN1 induces senescence in cultured human fibroblasts (Jun and Lau 2010), and Ccn1 is the most upregulated gene in cultured human fetal astrocytes treated with H2O2, which is commonly used to induce senescence (Simmnacher et al., 2020). However, Ccn1 is not significantly upregulated in reactive astrocytes (Simmnacher et al., 2020). This highlights the specific relevance of CCN1 to cell senescence. We propose that increased CCN1 promotes senescence in CEC. To test, CEC were isolated from the brains of aged mice and cultured. Cultured CEC were then treated either with recombinant CCN1 (2.5 µM) or vehicle for 4 days and then stained for SA-β-galactosidase. We observed a higher percentage of SA-β-galactosidase positive cells in the CCN1 treated group (Figures 5A,B). Similarly, we observed that CEC treated with CCN1 had significantly higher fluorescence intensities of γH2AX (Figures 5C,D). This indicates that CCN1 can enhance the SA phenotype in aged CEC. Moreover, cultured CEC treated with CCN1 or a vehicle for 4 days were also stained with antibodies against CCN1. We observed that CCN1-treated cells had 4-fold increase of CCN1 levels compared with control cells (Figures 5E,F), suggesting that CCN1 could promote the synthesis of CCN1 in a positive feedback mechanism. This effect may be relevant to the propagation of SA-phenotype to other cells.
[image: Figure 5]FIGURE 5 | CCN1 induced senescence-associated phenotypes in cultured CEC. CEC were isolated from aged (18–20 m/o) female mice and cultured. Cultured CEC were stained with SA-β-galactosidase staining kit (A), or with antibodies against the double-strand DNA damage marker γH2AX (C), or with antibodies against CCN1 (E), and with the nuclear Hoechst dye (C,E). The percentage of SA-β-galactosidase-positive cells (B), the fluorescence intensity of γH2AX (D), and the fluorescence intensity of CCN1 (F) were quantified. Scale bar (A), 100 μm; scale bar (C), 50 μm; scale bar (E), 50 μm. t-test, ***p-value (B) = 0.0001, n = 4; *p-value (D) = 0.0164, ***p-value (F) = 0.0001. Data were pooled from three independent experiments analyzing 20 microscopic fields (A,B,E,F) or 50 cells (C,D) per condition and experiment.
CCN1 Levels Are Upregulated by G4 Stabilization in Cultured CEC
Ccn1 is transcriptionally activated immediately after exposure to multiple stimuli, such as growth factors (O'Brien et al., 1990; Brunner et al., 1991; Cui et al., 2011), hormones (Hilfiker et al., 2002; Hilfiker-Kleiner et al., 2004), different stressors (including hypoxia (Kunz et al., 2003), UV light (Quan et al., 2006), and mechanical stretch (Chaqour and Goppelt-Struebe 2006; Kivela et al., 2007)), and microorganisms (Kim et al., 2004; Kurozumi et al., 2008; Wiedmaier et al., 2008). However, it is unknown how physiological aging can upregulate CCN1.
A study found that the expression of CCN1 in human cancer cells could be upregulated via the stabilization of G4s in the 3′-UTR of the human CCN1 mRNA near the stop codon (Sanders et al., 2013). DNA and RNA with guanine sequences intercalated between other bases can fold into G4 structures. Increased G4s have been associated with aging (Lejault et al., 2020; Moruno-Manchon et al., 2020; Teng et al., 2020). Whether CCN1 can be upregulated by G4 stabilization in cultured mouse CEC has not been demonstrated. Thus, we tested the hypothesis that the 3′-UTR of the mouse Ccn1 mRNA also folds into a G4.
Using the bioinformatics tool G4Hunter, we found that the mouse Ccn1 mRNA has three putative G4 motifs in the 3′-UTR and none in the 5′-UTR (Figure 6A). Two of these putative G4s in the 3′-UTR in the mouse Ccn1 mRNA have a high G4Hunter score (1.148), suggesting that these sequences have the ability to fold into G4s. The sequence located 51 nucleotides after the stop codon (3′-UTR Ccn1 –G1) shares 100% homology with the G4 motif found in the 3′-UTR in the CCN1 mRNA of humans. To confirm that the G4 sequence in the 3′-UTR of the Ccn1 mRNA of mice can indeed fold into a G4, we measured the fluorescence intensity of Thioflavin T (ThT) in combination with an oligo containing the 3′-UTR in Ccn1 mRNA, or with an oligo with a single modification in a nucleotide from the original 3′-UTR Ccn1 sequence, which we used as a negative control as it is not predicted to fold into a G4. While ThT can bind to DNA G4 structures (Zhang et al., 2018), it can also bind to other non-G4 DNA forms (Xu et al., 2016). However, when ThT interacts with RNA G4 it causes an enhancement in the fluorescence intensity of the formed complex by several hundred-fold (Renaud de la Faverie et al., 2014; Xu et al., 2016). This increase in fluorescence intensity of ThT does not occur when ThT is incubated with other RNA forms (Xu et al., 2016). Thus, measuring the fluorescence intensity of ThT in combination with a putative RNA G4 sequence is a quick and feasible method to quantify the ability of an oligo to fold into a G4. We observed that the fluorescence intensity of ThT was enhanced by several thousand times when incubated with the 3′-UTR Ccn1 oligo, compared with the fluorescence of ThT alone or with the fluorescence of the oligonucleotide alone (Figure 6B). We also observed that modifying one single nucleotide in this sequence resulted in a significant reduction of fluorescence intensity. This finding suggests the potential for the 3′-UTR of Ccn1 RNA to fold into a G4 structure.
[image: Figure 6]FIGURE 6 | The 3′-UTR Ccn1 mRNA folded into G4s. (A) Scheme of the mRNA Ccn1 where the 5′-UTR (green) does not contain any potential G4 motif, and the 3′-UTR (red) contains three potential G4 motifs. In the representation of a RNA G4 structure, blue dots indicate Gs and orange rectangles indicate planar rearrangements between Gs. (B) The RNA sequence containing the potential G4 in the 3′-UTR Ccn1 near the stop codon (3′-UTR) or the RNA sequence containing the 3′-UTR Ccn1 with a single mutation (mutant), as a negative control, were incubated at 90°C for 2 m, and cooled down at room temperature for 2 h. Then, the annealed RNA 3′-UTR and mutant sequences were mixed with a Thioflavin T (ThT) solution, and the fluorescence emission was measured. As controls we used the buffer alone, a ThT solution alone, and the 3′-UTR sequence alone. One-way ANOVA, ***p-value < 0.0001. Data were collected from four independent experiments. (C) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle (water), for 4 days. CEC were fixed and stained with antibodies against CCN1 and with the nuclear Hoechst dye (DAPI channel). Scale bar, 50 µm. (D) Quantification of the fluorescence intensity of CCN1 from (C). t-test, *p-value = 0.0103. Data were pooled from three independent experiments analyzing 20 microscopic fields per condition and experiment. (E) CEC isolated from aged (18–20 m/o) female mice and cultured were treated with pyridostatin (0.5 µM), or a vehicle, for 4 days. RNA was isolated and qPCR was performed for the relative expression of Ccn1. We used Gapdh as a housekeeping gene. t-test, n.s., non-significant, p-value = 0.2424. Data were pooled from four independent experiments.
Opposite to the G4 stabilization in 5′-UTR motifs, the formation of G4s in 3′-UTR has been associated with enhanced translation (Pelletier and Sonenberg 1985; Koromilas et al., 1992). Given that the 5′-UTR in Ccn1 mRNA does not contain any putative G4, we hypothesized that the presence of putative G4s in the 3′-UTR in Ccn1 mRNA can promote the upregulation of CCN1 in cultured CEC. By using the G4-stabilizing compound PDS we can stabilize G4s in cultured cells. Using this approach, we aimed to determine whether CCN1 is upregulated by G4 stabilization in CEC. Thus, cultured primary CEC isolated from aged mice were treated either with PDS (0.5 µM), or with a vehicle, for 4 days. Cells were stained with antibodies against CCN1 and with the nuclear Hoechst dye. We observed that the CCN1 levels were significantly increased in CEC treated with PDS compared with vehicle-treated cells (Figures 6C,D). To determine if PDS affects the expression of Ccn1, CEC were incubated with PDS as mentioned and their RNA was collected for qPCR analyses. We found that the relative expression of Ccn1 in CEC treated with PDS was not significantly different compared with control cells (Figure 6E). This suggests that G4 stabilization regulates CCN1 more importantly at the translational levels than at the transcriptional levels.
DISCUSSION
Our study indicates that enhanced stabilization of G4s was associated with enhanced SA phenotype in CEC isolated from aged mice. We found that the extracellular component CCN1 was upregulated in the brain microvasculature of aged mice and in cultured CEC from aged mice, compared with young mice. Furthermore, CCN1 was upregulated by G4 stabilization in cultured CEC, likely at the translational level. Thus, our data suggest that the stabilization of RNA-G4s in aging could be an underlying mechanism of cerebrovascular senescence.
Around 10% of CEC have been found to undergo senescence in the brain of aged mice (28-m/o) (Kiss et al., 2020). Senescence of CEC can contribute to cerebrovasculature impairment in a multifaceted manner: dysregulating cerebral blood flow, increasing BBB permeability and changing the cerebrovasculature architecture (Del Valle et al., 2009; Yang et al., 2017; Graves and Baker 2020; Schumacher et al., 2021). Senescence in the brain has been associated with cerebral hypoperfusion (Pincon et al., 2019) and dementia (Zhang et al., 2013; Wang et al., 2018). Alarmingly, the number of individuals affected by dementia, mainly in people after age 65 (Seetlani et al., 2016), is expected to increase to 70 million by 2030 (Wolters and Ikram 2019). Thus, with the increasing number of people living to very advanced ages, the significance of our study is further strengthened. The possibility of modulating the synthesis of senescence-inducing factors, such as CCN1, could potentially prevent or mitigate senescence in the brain vasculature.
The role of CCN1 in senescence has been documented in studies using human fibroblasts (Jun and Lau 2010). CCN1 binds to integrin α6β1 and heparin sulfate proteoglycans and activates the DNA damage response factors ATM, CHK1, CHK2 and p53. In a reactive oxygen species-dependent manner, the signaling pathways p38 MAPK and ERK are also stimulated by CCN1, and this triggers the p16INK4a/pRb pathway, which promotes cellular senescence. CCN1 also induces the expression of matrix metalloproteinases that are part of the SASP. Cells that bind to extracellular CCN1 exhibit higher ROS levels compared with cells adhered to other extracellular matrix components, such as collagen, fibronectin, or laminin. Similar to CCN1, laminin binds to α6β1 and heparin sulfate proteoglycans; however, it does not induce senescence, like CCN1 does (Jun and Lau 2010). This suggests that senescence induction is a particular feature of CCN1 among other extracellular matrix components, and that CCN1 may act via other receptors in addition to α6β1 and heparin sulfate proteoglycans. Elucidating the CCN1-associated signaling pathways could help to develop therapeutic strategies to mitigate endothelial senescence.
Over 13,000 loci form RNA-G4 within the human transcriptome in vitro. Around 3,700 potential RNA-G4s were found in 2,500 genes (Kwok et al., 2016), mostly located in the 5′- and 3′-UTRs of mRNA (Song et al., 2016; Fay et al., 2017). High number of RNA-G4s in the 5′-UTRs interrupt mRNA translation (Pelletier and Sonenberg 1985; Koromilas et al., 1992). However, RNA-G4s in 3′-UTRs can positively regulate translation, where the polyA tail binds to elongation factors, which results in mRNA circulation and enhanced initiation rate (Sonenberg and Hinnebusch 2009). We found that the 5′-UTR in Ccn1 mRNA does not contain G-rich motifs with the potential ability to fold into G4s. However, its 3′-UTR has three putative G4s and we observed that the closest sequence to the stop codon can fold into RNA-G4 using ThT. This may explain why CCN1 levels were upregulated in cultured CEC treated with the G4-stabilizing molecule PDS. Strikingly, a study found that the 3′-UTR plays a repressive role in the human CCN1 expression (Nakagawa et al., 2013). The authors found that the proximal half of the 3′-UTR, mainly between the downstream 50 and 160 bases, negatively interferes with the post-transcriptional regulation of CCN1. However, the region with the first 160 bases contains the G4-forming sequence that folds into RNA-G4 (Sanders et al., 2013). The experiments in the Nakagawa study were performed under G4 non-inducing conditions. This suggests that the proximal half of the 3′-UTR may repress CCN1 expression under normal conditions; however, with G4 stabilizers, the 3′-UTR may fold into a G4, and the role of G4s in the 3′-UTR on the post-transcriptional activity in CCN1 is inverted and thus could promote CCN1 upregulation. G4 ligands with high affinity to RNA-G4 prevent cell proliferation by promoting cell cycle exit (Goldberg et al., 2020), suggesting that the stabilization of RNA-G4s causes cell senescence. Further studies are needed to determine if modifications of nucleotides in the RNA-G4 forming sequence in the 3′-UTR Ccn1 mRNA could prevent CCN1 upregulation under conditions where G4 stabilization occurs, such as aging.
The role of the G4 stabilization on cell senescence has been investigated in the cancer field. Small G4-stabilizing compounds induce senescence in cancer cells (Riou et al., 2002; Huang et al., 2012), which makes these compounds potential candidates for anticancer therapy. It is generally accepted that a common mechanism of these G4-stabilizers is acceleration of telomere shortening, which is an important feature of aging. However, as G4 stabilization regulates multiple cellular processes (transcription (Armas et al., 2017; Moruno-Manchon et al., 2020), translation (Schaeffer et al., 2001; Khateb et al., 2007), RNA splicing (Zhang et al., 2019), mRNA subcellular localization (Subramanian et al., 2011), and DNA integrity (Moruno-Manchon et al., 2017; Techer et al., 2017)), mechanisms besides telomere shortening may also be involved in cell senescence. For example, DNA damage is the primary cause of senescence and aging (Schumacher et al., 2021). Relevant to the brain, we previously demonstrated that the stabilization of G4s induces DNA damage in cultured primary neurons (Moruno-Manchon et al., 2017; Tabor et al., 2021), and in cultured primary astrocytes and microglia (Tabor et al., 2021). Subventricular zone neural stem and progenitor cells treated with PDS also showed enhanced DNA damage (Goldberg et al., 2020). Autophagy is another process that has been implicated in cell senescence (Rajendran et al., 2019). Autophagy is a self-digesting mechanism that maintains cellular functions and survival. Stimulating autophagy can prevent senescence in vascular smooth muscle cells (Li et al., 2014; Luo et al., 2017). We demonstrated that inducing G4 stabilization inhibited autophagy in cultured neurons (Moruno-Manchon et al., 2020) and astrocytes (Lejault et al., 2020). Furthermore, we demonstrated that aged mice treated with PDS showed enhanced SA phenotype in their brains, such as increased lipofuscin accumulation and DNA damage. These mice also exhibited enhanced memory deficits compared with control aged mice (Moruno-Manchon et al., 2020). Thus, these studies highlight the influence of G4 stability in cell senescence in the brain and cognitive function.
While overall protein synthesis is decreased in senescent cells (Makrides 1983), the levels of mRNAs encoding SASP factors are enhanced with senescence (Coppe et al., 2008). We show evidence that stabilizing G4s can upregulate the senescence-inducing component CCN1 in cultured endothelial cells. Other labs have demonstrated that upregulating CCN members promote senescence and SASP in other cell types (Jun and Lau 2017; Feng et al., 2020), and that downregulating CCN1 reduced the expression of SASP factors (Feng et al., 2020). From this evidence, we hypothesize that other SASP could be regulated by G4s. Indeed, the expression of the SASP component vascular endothelial growth factor (VEGF) is downregulated by G4 stabilization. The Hurley lab was the first to demonstrate that the promoter region of VEGF naturally folds into G4s (Sun et al., 2005; Guo et al., 2008; Sun et al., 2008). Since then, investigators have been developing aptamers to target G4-forming sequences in VEGF promoter as a therapeutic application in cancer. Aptamers are short DNA or RNA sequences that specifically recognize molecules with high affinity. Anti-VEGF DNA-based aptamers forming G4s have been synthesized to visualize and target VEGF (Riccardi et al., 2021). The use of aptamers shows less toxicity and reduced immunogenicity over antibodies, and they are easy to produce. Thus, the development of G4 motif-based aptamers is feasible and has an important therapeutic potential (Duchler 2012) including for preventing or possibly reversing senescence. For example, aptamers have been used in animal models to rejuvenate bone tissue (Aldahmash 2016). We therefore propose that an important strategy could involve identifying G4 motifs is SASP components and that developing G4 motif-based molecules to target these senescence-inducing factors could reverse or prevent senescence in the cerebral endothelium.
A limitation in our study is that our experiments were performed using CEC isolated from only female mice. Studying the effects of CCN1 on senescence in aged female mice is relevant to vascular aging in women. The arteries of postmenopausal women are stiffer than the arteries of age-matched men (Merz and Cheng 2016). Arterial stiffness is associated with increased blood pressure and it is a risk factor for cardiovascular events (Bonarjee 2018). Elderly women have higher rates of hypertension than men (Merz and Cheng 2016). Physiological levels of CCN1 are required for optimal vascular stiffness, as CCN1 loss leads to alterations of vessel structure and integrity (Lee et al., 2019). However, high levels of CCN1 have been associated with pathological vascular stiffness (Reid et al., 2017; Chaqour 2020). Whether sex differences exist in the expression and translation of Ccn1, the contributions of gonadal hormones and sex chromosomes (XX vs XY), and their implication in the cerebrovasculature is being actively pursued in our lab.
In conclusion, our study supports a model in which the stabilization of G4s in aging contributes to brain vasculature senescence by regulating the levels of SASP factors such as CCN1. Therefore, developing G4 motif-based molecules to target these senescence-inducing factors should be explored as an approach to reverse or mitigate senescence in the cerebrovasculature.
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