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ABSTRACT 

It is well established that cytosolic caspase-1 activation, mediated by inflammasome after 

pathogens-associated molecular patterns (PAMP) and metabolic danger-associated 

molecular patterns (DAMPs), mediates the initiation of inflammation in endothelial cells 

by its downstream targets such as Interleukin-1β (IL-1β), Interleukin-18 (IL-18), and 

Sirtuin-1. However, it remains unknown whether proatherogenic lipids 

lysophosphatidylcholine (LPC) and reactive oxygen species (ROS) can promote nuclear 

localization of caspase-1.   Using biochemical, bioinformatic, and immunologic 

approaches, we made the following findings: (1) DNA damage was found in 

atherosclerotic mice. (2) A nuclear exportation signal was mapped in the CARD domain 

of pro-caspase-1. LPC promotes nuclear localization of pro-caspase-1 in human aortic 

endothelial cells (HAECs), which may interrupt DNA damage and repair pathways. (3) 

Blockage of caspase-1 nuclear cytosol trafficking in HAEC activated by LPC may 

mediate inflammation and interrupt cell cycle regulation. (4) Pro-caspase-1 in the nucleus 

inhibits inflammation but promotes interferon pathways. Activation of caspase-1 in the 

nucleus promotes aging- and fos-related antigen 2 (FRA2) mediated DNA damage and 

apoptosis. (5) Inhibition of SUMOylation decreases pro-caspase-1 translocation into the 

cytosol from the nucleus. (6) Blockage of caspase-1 cytosol nuclear trafficking in HAEC 

activated by H2O2 may decrease caspase-1 activity and increase cell viability. Our 

results demonstrate, for the first time, that caspase-1 patrols in the cell, senses danger 

signals and interrupts the balance between DNA damage and DNA repair pathways. It is 

a novel insight that not only should we suppress the inflammation in the cytosol but also 
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in the nucleus, which is important for the future development of therapeutics for 

cardiovascular diseases and other inflammatory diseases. 
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CHAPTER 1 

INTRODUCTION 

1.1 Cardiovascular disease 

Cardiovascular disease (CVD) remains the leading cause of death worldwide, with many of 

environmental risk factors along with predisposing genes resulting in a complex multifactorial 

disease process.[1] We and others previously reported that hyperlipidemia and proinflammatory 

mediators promote atherosclerosis via several mechanisms, inducing endothelial activation and 

injury,[2, 3] increasing monocyte recruitment and differentiation,[4, 5] and decreasing regulatory 

T cell population.[6, 7] However, people still cannot find an effective treatment for many chronic 

vascular inflammatory disease. Because the mechanisms of inflammatory process in endothelial 

cells, such as cytosolic inflammation and nuclear inflammation are still unclear. 

 

1.2 Endothelial cells 

Endothelial cells (ECs) that line the inner surface of vessel wall are the first layers exposed to 

metabolite-related endogenous danger signals in the circulatory system.[8] Therefore, endothelial 

cell activation is defined as the initial step responsible for initiation and progression of 

atherosclerosis. [9] Recently, it has been reported that oxidative stress and other risk factors can 

contribute to deoxyribonucleic acid (DNA) damage and subsequent repair pathways which can 

promote the progression of atherosclerosis. [10] For a long time, most of research focus on the 

mechanism of EC dysfunction and activation. However, people lose sight of danger signal in ECs, 

questions such as how DNA danger signal can be sensed by activated endothelial cells and how 

DNA damage induced vascular inflammation is accelerated remain largely unanswered.  
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1.3 Caspase-1 

Caspase-1, a member of the cysteine aspartate-specific protease caspase family, is present in the 

cytosol as pro-caspase-1, an inactive zymogen, and requires the assembly of a nod-like receptors 

(NLR) family member–containing protein complex called inflammasome for activation. [11] NLR 

family are cytoplasmic sensors [12]that sense danger-associated molecular patterns (DAMPs) and 

pathogens-associated molecular patterns (PAMPs) [13, 14]. The activation form of caspase-1 

including P20 and P10 subunit, an enzymatic form, cleaves pro-interleukin-1β (pro-IL-1β) and 

pro-interleukin-18 (pro-IL-18) into mature proinflammatory cytokines IL-1 β  and IL-18, 

respectively, and activates of other inflammatory pathways.[15] The mature IL-1β and IL-18 can 

release from cell, which is a canonical model of caspase-1-mediated pyroptosis.[16] Previously, 

we demonstrated that Inhibition of caspase-1 activation in Endothelial Cells (ECs) improves 

angiogenesis.[17] In addition, it has been reported that both endogenous and exogenously 

expressed pro-caspase-1 can translocate to the nucleus by a nuclear localization signal in the pro 

domain of caspase-1. [18] However, it remains unclear whether such a sense mechanism exists in 

the nucleus and whether nuclear caspase-1 can sense DNA danger signal and promote progression 

of atherosclerosis. 

 

1.4 Nuclear caspase-1 

Previously, we have reported that caspase-1 interaction proteins are localized in various 

intracellular organelles including nucleus and secreted extracellularly. [19] Taking the Caspase-1-

cleavable Sirt1 as an example, it inhibits the expression of caspase-1-induced cytokines, 

chemokines, and adhesion molecules by suppressing activator protein 1 (AP-1) gene transcription 

and AP-1-targeted gene transcription.[20, 21] Which further suggest that caspase-1 induces the 
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expression of cytokines, chemokines by affecting gene transcription factors AP-1. Alone the line, 

a recent report demonstrated that during Kaposi sarcoma-associated herpes virus (KSHV) 

infection[22, 23] in endothelial cells, interferon gamma-inducible protein 16 (IFI16) [24] or absent 

in melanoma 2 (AIM2) interact with the apoptosis-associated speck-like protein containing a 

CARD (ASC) and pro-caspase-1 to form a functional inflammasome in nucleus. [25, 26] And also 

we reported that various inflammatory disorders alter the gene expression of DNA damage 

checkpoint factors (DDCFs) and DNA damage repair factors (DDRFs). [27] Taken together, all of 

the evidence further support our hypothesis that the nuclear inflammasome may be functional for 

sensing nuclear danger signals. 

 

1.5 Hypothesis of Thesis 

In this study, we examined a novel hypothesis that proatherogenic lipid Lysophosphatidylcholine 

(LPC) increases nuclear localization of caspase-1, promotes caspase-1 activation and accumulation 

in nucleus, and upregulates DNA damage pathways. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Chemicals and antibodies: 

Lysophosphatidylcholine (LPC) was purchased from Avanti Polar Lipids, AL. Nuclear export 

inhibitor Leptomycin B were purchased from Cell signaling technology, Danvers, MA. Cytosolic- 

and nuclear- pro-caspase-1 block peptide was synthesized by Lifetein LLC, Somerset, NJ. The 

antibodies information as follows: Caspase-1 – Cat. No.: NBP1-45433 (Novus Biologicals), HSP 

90 – Cat. No. 610418 (BD Bioscience), SP-1 - Cat. No. ab157123 (Abcam). 

 

2.2 Human aortic endothelial cells (HAEC) culture:  

HAEC (Lonza, CC2535; Walkersville, MD) were cultured in M199 (Hyclone laboratories, Logan, 

UT) medium, supplemented with 20% fetal bovine serum (Hyclone), endothelial cell growth 

supplement 50mg/ml (BD Biosciences, San Jose, CA), heparin 50mg/ml and penicillin 

streptomycin and amphotericin 1% (Invitrogen, CA). The cells were grown in 0.2% gelatin coated 

culture vessels. All the experiments were performed at cell passage 9. The cytoplasmic and nuclear 

protein fractionation of HAEC was performed by utilizing a commercially available kit (Pierce, 

NE-PER nuclear and cytoplasmic reagent extraction kit (Cat. No: 78833). 

 

2.3 Western Blot Analysis 

Cytosolic and nuclear protein extracts were collected from HAEC and separated by nuclear and 

cytoplasmic extraction kit (Thermo Fisher, Cat. NO: 78833). Protein concentration was 

determined by the bicinchoninic acid (BCA) assay with BSA standards. Proteins were separated 

on SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Membranes were 
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blocked with 5% BSA in Tris buffered saline containing 0.01% Tween 20 [TBST, 50mM Tris (pH 

7.5), 150mM NaCl, and 0.1% Tween 20 (v/v)]. Membranes were incubated with primary 

antibodies overnight at 4°C. Membranes were then washed extensively with TBST and incubated 

with the appropriate horseradish peroxidase-labeled secondary antibodies for 1 hour at room 

temperature. Afterwards, membranes were incubated with enhanced chemiluminescence (ECL) 

substrate for horseradish peroxidase (Pierce/Thermo, Rockford, IL) and the ECL intensity was 

detected by X-ray film exposure in a dark room. The X-ray films were developed by the SRX-

101A medical film processor. The expression levels of proteins as indicated by the ECL intensity 

were measured with ImageJ software (NIH, Bethesda, MD, USA). 

 

2.4 Image Flowcytometry 

Image flowcytometry was performed by utilizing Amnis ImageStream flowcytometer. Briefly, the 

cells were treated and stained for active caspase-1 by Apo Logix FAM-YVAD-FMK caspase1 

detection kit (Cell Technology, CA). Then the cells were fixed with 4% PFA and analyzed by 

Amnis flowcytometer. The data were analyzed by IDEAS 6.2 software.  

 

2.5 RNA-Seq: 

RNA-Seq of LPC was performed by BGI (Shenzhen, China). Initially, HAECs were treated with 

the peptide at a concentration of 100mg overnight and treated with LPC (40mg) for 6 hours on the 

following day. Total RNAs were extracted from samples, and then mRNA was extracted with a 

commercially available kit (Qiagen). Using the fragmentation buffer, the mRNAs were fragmented 

into short fragments (about 200–500 nucleotides), then the first-strand cDNA was synthesized by 

random hexamer primer using the fragments as templates, and dTTP was substituted by dUTP 
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during the synthesis of the second strand. Short fragments were purified and resolved with elution 

buffer for end repair and single nucleotide A (adenine) addition. After that, the short fragments 

were connected with adaptors, and then the second strand was degraded finally using uracil N-

glycosylase (2). After agarose gel electrophoresis, the suitable fragments were selected for PCR 

amplification as templates. During the quality control steps, an Agilent 2100 Bioanalyzer and ABI 

StepOnePlus Real-Time PCR System (Thermo Fisher) were used for quantification and 

qualification of the sample library. At last, the library was sequenced with an Illumina HiSeq4000 

using the PE100 strategy. Primary sequencing data produced by the Illumina Hiseq4000, called 

raw reads, were filtered into clean reads by removing adaptor containing and low-quality reads by 

BGI in-house software. A reference annotation– based assembly method was used to reconstruct 

the transcripts by TopHat (v2.0.10) and Cufflinks (v2.1.1), and background noise was reduced 

using fragments per kilobase million and coverage threshold.  

 

2.6 Sequencing data analysis 

Data analysis was carried out using the statistical computing environment, R, the Bioconductor 

suite of packages for R, and RStudio (https://www.rstudio.com/) [28]. Like our previously 

description, raw data were background subtracted, variance stabilized, and normalized by robust 

spline normalization. Differentially expressed genes were identified by linear modeling and 

Bayesian statistics using the Limma package. Pathway analysis was performed using Gene Set 

Enrichment Analysis (GSEA, http://software.broadinstitute.org/gsea/index.jsp). We have 

previously reported.[29] GSEA is a computational method that determines whether a priori defined 

set of genes shows statistically significant, concordant differences between two biological states. 

https://www.rstudio.com/
http://software.broadinstitute.org/gsea/index.jsp
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GSEA does not focus on only significantly/highly changed genes, but examines all the genes that 

belongs to a certain biological process instead. 

 

2.7 Ingenuity Pathway Analysis 

We utilized Ingenuity Pathway Analysis (IPA, 

Qiagen, https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) to 

characterize DNA damage-related genes and SUMOylation-related genes in our RNA-Seq 

analysis.  Differentially expressed genes were identified and uploaded into IPA for analysis.  The 

core and pathways analysis was used to identify molecular and cellular pathways, as we have 

previously reported [19, 30]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/
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CHAPTER 3 

RESULTS 

3.1 DNA damage was found in atherosclerotic mice. 

To examine our hypothesis that hyperlipidemia induces the DNA damage in the aortic tissue, we 

performed Ingenuity Pathway Analysis (IPA) of gene expression in the aorta of ApoE-/- (high fat 

diet for 3 weeks) versus WT mice. According to our IPA analysis, hyperlipidemia significantly 

induced upregulation of many cell cycle pathways (Figure 1.1) such as cell cycle control of 

chromosomal replication pathway and cyclins and cell cycle regulation pathway. And also it 

induced downregulation of the role of checkpoint kinase (CHK) proteins in cell cycle checkpoint 

control pathway. Continually, we did deep analysis for this dataset and found that the DNA 

damage-related genes were upregulated or downregulated in the aorta of atherosclerotic mice 

(Figure 1.2), suggesting that hyperlipidemia is tightly associated with DNA damage and repair 

pathways which are now well recognized as a causal factor in progression of atherosclerosis. With 

this results, we performed Western blot analysis with the aorta of WT and ApoE-/- mice fed a 

normal diet for 6 weeks, proteins are separated into cytosolic and nuclear fractions, the purity of 

the separation are indicated by expressions of cytosolic protein heat shock protein 90 (Hsp90) and 

nuclear specificity protein 1 (Sp1) (Figure 1.3). Both cytosolic protein and nuclear protein were 

increased in ApoE-/- mice compared with WT mice. From the Western blot analysis with caspase-

1 antibodies on mice aortic cytosolic protein and nuclear protein (Figure 1.4), we found that the 

expression of pro-caspase-1 in cytosolic fraction of aorta in ApoE-/- mice is increased compared 

with WT mice. In contrast, the expression of pro-caspase-1 in nuclear fraction of aorta in ApoE-/- 

mice is decreased (Figure 1.5), which may be caused by the major cell type in aorta is smooth 

muscle cell. Our results showed that hyperlipidemia increased the expression of pro-caspase-1 in 
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the mouse aorta. Taken together, the results demonstrated that hyperlipidemia induces the 

upregulation of pro-caspase-1 expression in mouse aorta which may contribute to interruption of 

DNA damage and repair pathways. 

1.1 

 

1.2  
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1.3 

 

1.4 

 

1.5 
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Figure 1. DNA damage was found in atherosclerotic mice. 1.1 The microarray analysis was 

carried out by using the aorta of ApoE-/- (high fat diet for 3 weeks) and WT mice. Following 

microarray analyzing, the significant changed genes were analyzed by Ingenuity Pathway Analysis 

(IPA) and the significant modified pathways were indicated. Red box indicated the pathways 

which were regulated by DNA damage-related genes. 1.2 DNA damage-related genes were 

analyzed in the microarray data of ApoE-/- vs WT mice as described in 1.1, and the significant 

changed DNA-damage-related genes were showed. 1.3 The aorta of WT and ApoE-/- mice were 

collected, and the protein were separated into cytosolic and nuclear fractions. The purity of the 

separation was indicated by expressions of cytosolic protein Hsp90 and nuclear protein Sp1. 1.4 

The expression of pro-caspase-1 were examined in cytosolic fraction and nuclear fraction, 

respectively, in the aorta of WT and ApoE-/- mice as described in 1.3. Beta-actin was examined 

as cytosolic protein loading control. TBP was examined as nuclear protein loading control. 1.5 The 

quantification data of cytosolic and nuclear pro-caspase-1 in 1.4 respectively.  Data are presented 

as mean ± SEM. *, p<0.05; **, p<0.01. 

 

3.2 LPC promotes nuclear localization of pro-caspase-1 in human aortic endothelial cell 

(HAEC), which may interrupt DNA damage and repair pathways. 

To further examine the hypothesis that LPC promotes pro-caspase-1 nuclear localization in 

HAECs. HAECs were treated with LPC at different concentrations and time points. The expression 

of pro-caspase-1 was examined in cytosolic and nuclear fraction by western blot, respectively 

(Figure 2.4). We found that the expression of pro-caspase-1 in nuclear and cytosol was increased 

when treated with LPC at concentration of 40uM and significantly increased in nucleus at 6 hours. 

(Figure 2.5) Our data suggested that LPC promotes pro-caspase-1 nuclear localization. Treating 



12 
 

LPC at concentration of 40uM for 6 hours, we did RNA-seq analysis. According to our heat map 

results (Figure 2.1) and IPA analysis (Figure 2.2), LPC significantly induced upregulation of 

cardiac hypertrophy signaling pathway, senescence pathway, endothelial-1 pathway, and cell cycle 

control of chromosomal replication. And it induced downregulation of Ataxia telangiectasia 

mutated (ATM) pathway and G2/M DNA damage checkpoint regulation. This result suggested 

that the DNA damage pathways and DNA damage-related genes were increased (Figure 2.3), and 

DNA repair pathways were decreased by LPC stimulation. Interestingly, LPC may induce cardiac 

hypertrophy and endothelial activation, both of which are risk factors for atherosclerosis. Taken 

together, this data showed that LPC increases pro-caspase-1 nuclear localization in HAECs, which 

may upregulate DNA damage pathways and downregulate DNA repair pathways. 

2.1 
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2.2 

 

2.3 
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2.4 

 

2.5 

 

 

Figure 2. LPC promotes nuclear localization of pro-caspase-1 in human aortic endothelial 

cell (HAEC), which may interrupt DNA damage and repair pathways. 2.1 HAECs were 

treated with LPC at concentrations of 40uM for 6 hours, and RNA were collected for RNA-seq 

analysis. Gene regulation was showed in heatmap. 2.2 The significant regulated pathway by LPC 

was indicated after analyzing by IPA. 2.3 DNA damage-related genes were analyzed in the RNA-
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seq of LPC treated HAECs and the significant changed genes were showed in the table. 2.4 HAECs 

were treated with LPC at concentrations of 10uM and 40uM, respectively, and at different time 

points including 1 hour, 2 hours, 4 hours and 6 hours. The expression of pro-caspase-1 was 

examined in cytosolic and nuclear fraction by western blot, respectively. 2.5 The cytosolic and 

nuclear pro-caspase-1 expression were quantified. *** P value less than 0.01. 

 

3.3 A nuclear exportation signal was mapped in CARD domain of pro-caspase-1. Blockage 

of caspase-1 nucleus-cytosol trafficking in HAEC activated by LPC may mediate 

inflammation and interrupt cell cycle regulation. 

It is well demonstrated that Leptomycin B (LMB) is an inhibitor of major exportin chromosome 

maintenance protein 1 (CRM1). [31] The protein with nuclear exportation signal (NES) can form 

a complex with chromosome maintenance protein 1 (CRM1) and export to cytosol from nucleus. 

(Figure 3.1). To examine our hypothesis that caspase-1 can be kept in nucleus by LMB. We did 

Western blot analysis with HAECs were treated with LMB, found that the pro-caspase-1 was 

significantly increased in both cytosol and nucleus (Figure 3.3, 3.4, 3.5). Because NES was 

identified in CARD domain of caspase-1 by a well accept website, (http://validness.ym.edu.tw/) 

and a cell and nuclear permeable sequence was identified in 1997.[32] Continually, we designed 

a NES peptide which is a competitive inhibitor for the nuclear exportation signal of caspase-1 

(Figure 3.2). By this caspase-1 specific NES peptide inhibitor, we successfully kept the pro-

caspase-1 in nucleus. (Figure 3.6, 3.7) To confirm our hypothesis that LPC-induced pro-caspase-

1 location increases inflammation and interrupts cell cycle regulation. We did RNA-seq analysis 

with HAECs treated with LPC (40uM) with or without caspase-1 specific NES (100uM). 

According to our heat map (Figure 3.8), volcano plot (Figure 3.9) and IPA analysis (Figure 3.10), 

http://validness.ym.edu.tw/
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LPC-induced pro-caspase-1 or active-caspase-1 promote upregulation of interferon signaling 

pathway, downregulation of leukocyte extravasation signaling. The GSEA results indicate that 

caspase-1 in nucleus inhibits breast cancer, promotes inflammation and interrupts cell cycle 

regulation pathways (Figure 3.11). All of the results demonstrated that different with caspase-1 in 

cytosol, the nuclear caspase-1 plays a critical role in promoting DNA damage pathways. 

3.1 

 

3.2 

 

 

 

 

 



17 
 

3.3 

 

3.4 

 

3.5 
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3.6 

 

3.7 

 

3.8 
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3.9 

 

3.10 
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3.11 

 

 

Figure 3. A nuclear exportation signal was mapped in CARD domain of pro-caspase-1. 

Blockage of caspase-1 nucleus-cytosol trafficking in HAEC activated by LPC may mediate 

inflammation and interrupt cell cycle regulation. 3.1 NES in protein and major exportin- 

chromosome maintenance protein 1 (CRM1) are essential for protein translocation from nucleus 

to cytosol. 3.2 The caspase-1 specific competitive inhibitor NES was designed. The NES was 

mapped in 83-89 amino acids of the CARD in pro-caspase-1. 3.3 Leptomycin B is an inhibitor of 

CRM1. HAECS were treated with Leptomycin B at different doses, and pro-caspase-1 in cytosol 

and nucleus were examined, respectively, by western blot. 3.4 & 3.5 The cytosolic and nuclear 

pro-caspase-1 expression in 3.3 was quantified respectively. 3.6 HAECS were treated with pro-

caspase-1 specific exporting peptide inhibitor--NES at different concentrations (10uM, 40uM, 

100uM), and nuclear pro-caspase-1 expression was examined by western blot. 3.7 The nuclear 

pro-caspase-1 expression in 3.6 was quantified. 3.8 & 3.9 HAECs were treated with LPC (40uM) 

with or without NES inhibitor (100uM), and RNA were collected for RNA-seq analysis. Gene 

expressions in the RNA-seq was analyzed and showed by heatmap (3.8) and volcano plot (3.9). 
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3.10 & 3.11 The significant changed genes were generated in RNA-seq analysis by comparing 

LPC_NES to LPC. And these genes were analyzed by IPA (3.10) and GSEA (3.11). Significant 

modified pathways were showed after analyzing these gene in IPA (3.10). And GSEA results 

indicated that nuclear caspase-1 inhibit breast cancer, promotes inflammation and interrupts cell 

cycle regulation pathways as showed in 3.11. Data are presented as mean ± SEM. ND, not 

determined; *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001. 

 

3.4 Pro-caspase-1 in nucleus inhibits inflammation but promotes interferon pathway. 

Activate caspase-1 in nucleus promotes aging- and Fos-related antigen 2 (FRA2-) mediated 

DNA damage and apoptosis. 

Based on our above results, we hypothesized that pro-caspase-1 (non-enzymatic activity) and 

active caspase-1 (enzymatic activity) play different roles in nuclear. To examine our hypothesis, 

HAECs are treated with LPC and caspase-1 activity inhibitor (CI) with or without caspase-1 

specific NES inhibitor. According to our heat map, volcano plot (Figure 4.1, 4.2), IPA and GSEA 

analysis, we found that pro-caspase-1 in nuclear can inhibit inflammation but promote interferon 

pathway (Figure 4.3, 4.4). Similarly, HAECs are treated with LPC and caspase-1 specific NES 

with or without CI. The IPA and GSEA analysis indicated that active caspase-1 in nucleus 

promotes aging- and FRA2- mediated DNA damage. (Figure4.5, 4.6, 4.7, 4.8) Taken together, our 

results demonstrated for the first time that not only the function of caspase-1 in regulating 

transcription differ from cytosol to nucleus, but also the enzymatic activity and non-enzymatic 

activity of nuclear caspase-1 in regulating transcription is different.  
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Figure 4. Pro-caspase-1 in nucleus inhibits inflammation but promotes interferon pathway. 

Activate caspase-1 in nucleus promotes aging- and Fos-related antigen 2 (FRA2-) mediated 

DNA damage and apoptosis. 4.1 & 4.2. HAECs were treated with LPC and caspase-1 activity 

inhibitor with or without NES inhibitor which will uncover the functional role of pro-caspase-1. 

RNA was collected for RNA-seq analysis after stimulation. Gene regulation was showed in 
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heatmap (4.1) and volcano plot (4.2). 4.3 & 4.4 Gene expression was analyzed by IPA (4.3) and 

GSEA (4.4). The results indicated that pro-caspase-1 in nucleus inhibit inflammation but promote 

interferon pathway. 4.5 & 4.6 HAECS were treated with LPC and NES with or without caspase-1 

activity inhibitor which will uncover the functional role of active-caspase-1 in nucleus. RNA was 

collected for RNA-seq analysis. Gene regulation was showed in heatmap (4.5) and volcano plot 

(4.6). 4.7 & 4.8 Gene expression was analyzed by IPA (4.7) and GSEA (4.8). The results indicated 

that nuclear caspase-1 activity promotes aging- and FRA2- mediated DNA damage and apoptosis.  

 

3.5 Inhibition of SUMOylation decreases pro-caspase-1 translocation into cytosol from 

nucleus. 

Because it has been reported that the localization of caspase-2, caspase-7 and caspase-8 can be 

regulated by SUMOylation [33-35], based on our above results that LPC increased the expression 

of caspase-1 in nuclear (Figure 2.5) and suppressed the SUMOylation pathway (Figure 2.2). We 

hypothesized inhibition of SUMOylation decreases pro-caspase-1 translocation into cytosol from 

nucleus. Caspase-1 K44 is highly predicted to be the SUMOylation site by SUMOylation Predictor 

Database[36] (Figure 5.1). We analyzed gene expression in HAECs treated with LPC versus 

control and LPC with caspase-1 specific NES inhibitor versus LPC, found most of SUMOylation-

related gene was regulated (Figure 5.2, 5.3). According to our IPA analysis of this SUMOylation-

related gene, SUMOylation pathway was downregulated by LPC stimulation and upregulated by 

LPC with NES stimulation (Figure 5.4). To further consolidate our finding on SUMOylation 

mediated caspase-1 translocation, we performed western blot with HAECs treated with 

SUMOylation activator-N106 or SUMOylation inhibitor (2-D08) (Figure 5.5, 5.7). The expression 

of pro-caspase-1 was significantly increased in cytosol and decreased in nucleus (Figure5.6) at 
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different time points. For the SUMOylation inhibitor (2-D08) stimulation, although it is not a 

significant change, the tendency of pro-caspase-1 was decreased in cytosol but increased in 

nucleus (Figure 5.8). Taken together, our data demonstrated that inhibition of SUMOylation can 

decrease pro-caspase-1 translocation into cytosol from nucleus. 
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Figure 5. Inhibition of SUMOylation decreases pro-caspase-1 translocation into cytosol from 

nucleus. 5.1 Input caspase-1 amino acids sequence to the SUMOylation predictor database. 

Caspase-1 K44 was highly predicted to be the SUMOylation site in SUMOylation Predictor 

Database. 5.2 & 5.3 SUMOylation related enzymes were significant changed in LPC vs Control 

RNA-seq (5.2) and LPC_NES vs LPC RNA-seq (5.3). 5.4 The genes showed in 5.2 and 5.3 was 
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analyzed by IPA. LPC stimulates inhibits SUMOylation and LPC_NES promotes SUMOylation. 

5.5 HAECs were treated with SUMOylation activator-N106 at different time points, and 

expression of pro-caspase-1 was examined by western blot. 5.6 Expression of pro-caspase-1 in 

cytosol and nucleus in 5.5 were quantified respectively. 5.7 HAECs were treated with or without 

LPC, then treated with SUMOylation inhibitor (2-D08) at different doses, and expression of pro-

caspase-1 was examined by western blot. 5.8 Expression of pro-caspase-1 in cytosol and nucleus 

in 5.7 were quantified respectively. Data are presented as mean ± SEM. ND, not determined; *, 

p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001. 

 

3.6 Blockage of caspase-1 trafficking from cytosol to nucleus in HAEC activated by H2O2 

may decrease caspase-1 activity and increase cell viability. 

Our data showed that LPC-induced pro-caspase-1 translocation in nucleus increases inflammation 

and interrupts cell cycle regulation pathways. To further confirm our results, we hypothesized 

blocking caspase-1 in cytosol will decrease caspase-1 activity and increase cell viability. It is well 

identified concept that nuclear localization signal in the CARD domain of caspase-1.[18] By using 

the same cell and nuclear permeable sequence which demonstrated previously[32], caspase-1 

specific Nuclear Localization Signal (NLS) inhibitor peptide is designed to keep caspase-1 in 

cytosol (Figure 6.1). According to our western blot analysis with HAECs treated with H2O2 and 

caspase-1 specific NLS inhibitor (Figure 6.2). We found with the increased treatment of NLS 

inhibitor, the expression of pro-caspase-1 was increased in cytosol but decreased in nucleus 

(Figure 6.3), which suggested our caspase-1 specific NLS inhibitor works well. Interestingly, flow 

cytometry results showed that the caspase-1 activity was decreased in cytosol, but cell viability 

was increased (Figure 6.4, 6.5). Taken together, our results suggest that nuclear caspase-1 
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increases inflammation signal and promotes cell death. Once using caspase-1 specific NLS 

inhibitor keep caspase-1 outside the nucleus, it will inhibit DNA damage signal and cell death 

signal, then increase cell viability. 
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Figure 6. Blockage of caspase-1 trafficking from cytosol to nucleus in HAEC activated by 

H2O2 may decrease caspase-1 activity and increase cell viability. 6.1 Caspase-1 specific 

Nuclear Localization Signal (NLS) inhibitor peptide was designed to keep caspase-1 in cytosol. 

The NLS was mapped at 7, 9, 11 amino acids of the CARD in pro-caspase-1. 6.2 HAECs were 

treated with H2O2 (250uM) and NLS at different doses (5uM, 50uM, 100uM), and the expression 

of pro-caspase-1 in cytosol and nucleus was examined by western blot. 6.3 Expressions of pro-

caspase-1 in cytosol and nucleus were quantified respectively. 6.4 & 6.5 HAECs were treated with 
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H2O2 with or without NLS inhibitor at different doses. Caspase-1 activity was labeled by FLICA 

and detected by FACS. Cell viability was also detected by FACS (live cells). 

7.1 

 

Figure7. Schematic representation of a new model for the role of caspase-1 in endothelial 

cells (ECs) during physiology condition and pathological condition. Nuclear localization signal 

and nuclear exportation signal was identified in the CARD domain of pro-caspase-1. In physiology 

condition, pro-caspase-1 can translocate between cytosol and nucleus, but active-caspase-1 cannot. 

With the stimulation of proatherogenic lipids LPC or reactive oxygen species H2O2, the nuclear 

danger signal was increased in HAECs. In the pathological condition, the expression of pro-

caspase-1 was increased in nucleus. RNA-seq analysis showed that nuclear caspase-1 can sense 
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nuclear danger signal, promote DNA damage. The treatment of NLS inhibitor can keep caspase-1 

in cytosol, which will increase cell viability. 
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CHAPTER 4 

DISCUSSION 

It is a well-documented concept that the caspase-1 plays a proatherogenic role, which is supported 

by results collected from ApoE−/−/caspase-1−/− mice [37]and ApoE−/−/IL-1β−/− mice[38]. And 

also, it has been reported that both endogenous and exogenously expressed pro-caspase-1 

translocated into the nucleus by nuclear localization signal. [18] In addition, accumulated 

deoxyribonucleic acid (DNA) damage are now increasingly recognized as a causal factor in the 

initiation and progression of atherosclerosis.[10] Along the line, we further asked whether the 

nuclear caspase-1 can accelerate the progression of atherosclerosis via sensing DNA danger signal 

and disrupting their repair pathway. Using biochemical, bioinformatics, immunologic approaches, 

we addressed this question and have the following results: (1) DNA damage was found in 

atherosclerotic mice. (2) LPC promotes pro-caspase-1 nuclear localization in human aortic 

endothelial cells (HAECs) which may interrupt DNA damage and repair pathways, suggesting that 

the nuclear pro-caspase-1 may play an important role in DNA damage and repair pathways. (3) 

LPC-induced caspase-1 nuclear localization inhibits breast cancer, promotes inflammation and 

interrupts cell cycle regulation pathways. (4) Pro-caspase-1 in nucleus inhibits inflammation but 

promotes interferon pathway. Activate caspase-1 in nucleus promotes aging- and fos-related 

antigen 2 (FRA2-) mediated DNA damage and apoptosis. (5) SUMOylation pathway was 

downregulated by LPC treatment but upregulated when pro-caspase-1 was blocked in nuclear. It 

shows that SUMOylation mediates pro-caspase-1 translocation into cytosol from nucleus. (6) 

Blocking caspase-1 in cytosol decreases caspase-1 activity and increases cell viability.  
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Although it has been reported that the pro-caspase-1 can translocate to the nucleus. [18] People 

still don’t know why pro-caspase-1 is translocated to the nucleus and what function is the pro-

caspase-1 in nucleus. For the long term, people believe cytosolic caspase-1 activation senses 

metabolic danger-associated molecular patterns (DAMPs) and mediates the initiation of 

inflammation in endothelial cells [39]. However, whether caspase-1 senses nuclear danger signal 

is still unknown. Although our previous report showed that caspase-1 substrates and interaction 

proteins are localized in various intracellular organelles including nucleus and secreted 

extracellularly, suggesting that caspase-1 may patrol in the cell and mediate inflammation though 

various pathways.[19] In this study, our results demonstrated that caspase-1, patrols in the cell, 

plays different roles in cytosol and nucleus, both of which can sense the danger signal caused by 

various stimulation. Our lab previously reported that the interplay between DDCFs and DDRFs 

under physiological and pathological conditions lead to either balance between DNA damage and 

DNA repair; or loss of the balance by increased DNA damage in the presence of decreased DNA 

repair.[27] Suggesting that interrupt the balance between DNA damage and DNA repair may 

promote cell death. By sensing DNA danger signal in nucleus, caspase-1 contribute to interrupt 

the balance between DNA damage and DNA repair, which can cause genomic instability and cellar 

unhealthy. Follow the line, our results found that caspase-1 in nuclear can promote inflammation 

by interrupting such a balance, which accelerate the progression of atherosclerosis.  

 

SUMOylation is a post-transcriptional modification, which affects the properties of the proteins 

and their localization. Also it has been reported that caspase-2, caspase-7 and caspase-8 can be 

SUMOylated which were associated with caspase nuclear localization.[33-35] In addition, NOD-, 

LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome activation is suppressed by 
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SUMOylation. [40] We hypothesized the caspase-1 nuclear localization is negatively regulated by 

SUMOylation. Our results first demonstrated that SUMOylation mediates pro-caspase-1 

translocate into cytosol from nucleus. Taken together, the SUMOylation pathway was 

downregulated by LPC stimulation in HAECs, which may increase the NLRP3 inflammasome 

activation and nuclear pro-caspase-1 expression.  

 

Endothelial cells (ECs) that line the inner surface of vessel wall are the first cells exposed to 

metabolite-related endogenous danger signals in the circulatory system. [8] In our newly proposed 

working model, we summarize our findings and highlight current understanding. (Figure7.1) In 

physiology condition, the DNA damage and DNA repair were keeping a balance in HAECs. In 

pathological condition, cytosolic caspase-1 senses DAMPs and mediates inflammation in ECs; 

nuclear caspase-1 senses DNA danger signal and mediates upregulation of DNA damage pathways 

and downregulation of DNA repair pathways. In this imbalance situation, the activated HAECs 

will be further damaged which accelerate the progression of atherosclerosis. Our results have 

demonstrated for the first time how caspase-1, patrols in the cell, senses danger signal and 

interrupts the balance between DNA damage and DNA repair. For the current therapeutics of 

vascular inflammation disease around caspase-1, people focus on decreasing cytosolic 

inflammation caused by caspase-1 enzymatic cleavage.  

 

4.1 Future direction 

Our finding provides a novel insight for inhibiting nuclear inflammation cause by caspase-1 

enzymatic or non-enzymatic function, which are important for the future development of novel 

therapeutics for cardiovascular diseases and other inflammatory diseases. However, some 
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biological function and regulation of caspase-1 still need to explore in vivo. For the future work, 

we will focus on the hypothesis whether the SUMOylation activation will block nuclear caspase-

1 induced inflammatory responses? Because both SUMOylation and NES can induce caspase-1 

translocated to cytosol from nucleus, however, what is relationship between SUMOylation, and 

NES is still unknown. Finally, we will use virus transfected cell and mice to further study the role 

of nuclear caspase-1 in promoting the progression of atherosclerosis. We believe soon, nuclear 

caspase-1 will become a novel therapeutic target for inflammation disease. 
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