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ABSTRACT 

Introduction:  Clinical manifestation of atherosclerosis is marked by plaque buildup in 
the brachiocephalic artery (BCA) and vasculature, accompanied by upregulation of 
mineralization regulating genes (Sox9 and Runx2) by vascular smooth muscle cells 
(VSMCs) and macrophages (M�-������Pathogenic remodeling of VSMCs and M�-���L�Q�W�R��
osteochondrogenic phenotypes is accompanied by inflammation, proliferation, 
migration, and secretion of extracellular matrix proteins. This study aimed to determine 
the role of SMYD2 (VSMC and M�- -specific) in atherosclerotic progression and plaque 
calcification. 
 
Methods:  SMC- and M�- - specific SMYD2 knockout was generated in ApoE-/- mice 
(SMYD2�û�6�0�&ApoE-/- and SMYD2�û�0�- ApoE-/-). 10-26 weeks Western diet (WD) fed mice 
aortic tissue were examined for atherosclerotic plaque distribution using En-face Oil-
Red-O staining (ORO). Plaque burden was determined by Hematoxylin & Eosin (H&E) 
staining, followed by staining for collagen, and calcification of plaque using Masson's 
trichrome, and von Kossa (VKs)/Alizarin Red S (ARs) respectively. Calcification-
regulatory gene Sox9 and Runx2 in aortas were determined by RT-qPCR. The 
molecular mechanism of calcification was elucidated in 10T1/2, primary VSMCs, and 
RAW 264.7 cells. 
 
Results : SMYD2 expression and function differ profoundly among cell/tissue types 
(VSMC & M�-�����L�Q�Y�R�O�Y�H�G���L�Q���D�W�K�H�U�R�V�F�O�H�U�R�W�L�F��plaque progression and calcification. SMC-
specific depletion of SMYD2 protected mice from atherosclerotic plaque burden and 
calcification. En-face ORO and H&E analysis of BCA demonstrated significant decrease 
in ORO+ve area, total plaque size, and necrotic core area in SMYD2�û�6�0�&ApoE-/- mice as 
compared to ApoE-/- mice. VKs staining showed microcalcification depots at medial 
lining of the vasculature in ApoE-/- mice fed with 18-week WD, while a smaller 
macrocalcification depots was observed in SMYD2�û�6�0�&ApoE-/- mice compared with 
ApoE-/- mice when fed with 26-week WD. mRNA expression analysis of key calcification 
transcription factors showed significant suppression of Sox9 gene in aortas of 
SMYD2�û�6�0�&ApoE-/- mice compared with ApoE-/- mice. Contrary to SMCs, M�- -specific 
SMYD2 deletion promotes vascular pathogenesis including plaque burden and plaque 
/vascular calcification, confirmed En-face ORO+ve, H&E, ARS and VKs �V�W�D�Q�Q�L�Q�J�¶�V, and 
RT-qPCR analysis. 
 
Conclusion:  Our study unveiled a novel role of SMYD2 in Vascular homeostasis, with 
VSMC-�6�0�<�'�������Q�R�W���0�--SMYD2, driving atherosclerosis and vascular calcification. 
Therefore, assessing the pleiotropic effects of SMYD2 may improve therapeutic 
strategies for atherosclerotic complication and CVD.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
INDEX WORDS: Atherosclerosis, Calcification, Vascular Smooth Muscle Cells 
���9�6�0�&�V�������0�D�F�U�R�S�K�D�J�H�V�����-������SMYD2 (SET And MYND Domain Containing 2), SOX9 
(SRY-Box Transcription Factor 9), Runt-related transcription factor 2 (RUNX2)   
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 
Shaligram Sharma  

2023  



 

 

A Novel Role of Histone Methyltransferase SMYD2 in Atherosclerosis and Plaque 

Calcification 

 

 

by 

 

 

Shaligram Sharma 

 

 

Committee Chair:  Chunying Li 

Committee: Desiree Wanders 

  Mukesh Kumar 

 

 

Electronic Version Approved: 

 

 

Office of Graduate Services 

College of Arts and Sciences 

Georgia State University 

December  2023  



iv 
 

 

DEDICATION 

I wholeheartedly dedicate this work to the pillars of my life: my beloved Mother, 

my cherished Brother, my Sister-in-law, and my precious niece. Their unceasing faith in 

the virtues of unwavering perseverance and relentless commitment has been a constant 

source of inspiration, propelling me to strive tirelessly for the pinnacle of excellence in 

all my endeavors.    

  



v 
 

 

ACKNOWLEDGEMENTS  

I would like to express my heartfelt gratitude to several individuals who played 

pivotal roles in my academic journey and research endeavors. Their unwavering 

support, guidance, and encouragement have been instrumental in my 

accomplishments. 

First and foremost, I am deeply thankful to Dr. Chunying Li for his persistent 

patience, unwavering support, encouragement, and invaluable guidance throughout this 

transformative experience. This research would remain incomplete without his 

dedicated mentorship. 

I also wish to extend my sincere appreciation to Dr. Desiree Wanders and Dr. 

Mukesh Kumar for their constructive feedback and assistance at various stages of my 

academic journey. Their willingness to collaborate and share their expertise has been 

pivotal in my learning process. 

A special acknowledgment goes to Professor Yabing Chen at the University of 

Alabama at Birmingham for generously providing the Human Atherosclerotic tissue 

samples, which were crucial for my research. 

Dr. Paul Ulrich deserves my deepest gratitude for being both an advisor and a 

friend. His guidance has always illuminated the path of righteousness for me, and he 

has stood by me during challenging times. Without him, I would not have reached this 

point in my academic journey. I must also recognize Dr. Ulrich, Dr. Wanders, and Dr. 

Pratima Kumari for my invisible supporter and guide, who is always ready to provide 

assistance whenever I seek it. My success and achievements owe a great deal to their 

unwavering support. 



vi 

 

I am indebted to Dr. Pratima Kumari, Dr. Xiaoqing Guan, Dr. Yuning Hou, and Dr. 

Xiaonan Sun for their critical judgment and continuous support, especially in addressing 

the challenges that arose during my work. Their insights have been invaluable for the 

progression of my research project and my reception of the AHA-Pre-Doc fellowship. 

I would also like to express my gratitude to my dear friends, Dr. Jaspreet Kaur, 

Dr. Amrej Yadav, Dr. Priti Singh, and Mr. Subham Bansal, Mr. Sanjeev Shresta for their 

unwavering support and encouragement. 

Special thanks are due to the administrative staff in the Department of Biology, 

the Office of Graduate Studies (Mr. John Stewart), the Institute of Biomedical Sciences 

(Florence "Flo" Bauchau), and Mr. John Adamson (DeoBioSciences, Inc.) Their 

assistance and guidance have been invaluable throughout my academic journey. 

Finally, I cannot forget to acknowledge the indispensable contributions of the 

individuals in the Animal House, including Mr. Daniel Benboe, Bryant, Matthew Davis, 

Michael Hart, Joi McNair, Michael Morrison, and Plamen Petkov. Their consistent 

support, guidance, and assistance have been invaluable in various situations, and their 

role in my PhD work cannot be overstated. 

Words cannot fully express the depth of my gratitude to these remarkable 

individuals who have been a vital part of my academic journey.



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    vii  

 

TABLE OF CONTENTS  

ACKNOWLEDGEMENTS  ...................................................................................................... V 

LIST OF TABLES  ............................................................................................................. XVII  

LIST OF FIGURES...........................................................................................................XVIII  

LIST OF ABBREVIATIONS  ............................................................................................ XXII  

INTRODUCTION ...................................................................................................................... 1 

1.1 Cellular Plasticity in Atherosclerotic Cardiovascular Disease (ASCVD)  .... 2 

1.1.1 Atherosclerotic Cardiovascular Disease (ASCVD)  2 

1.1.2 Macrophage Plasticity in Vascular Disease and Atherosclerosis  10 

1.1.3 Vascular/ Atherosclerotic Calcification (A/VC)  18 

1.2 Comprehensive Insights into SMYD Proteins: Characteristics, Functions, 

and Significance Across Diverse Biological Contexts  ................................. 43 

1.2.1 SMYD 1 46 

1.2.2 SMYD 2 51 

1.2.3 SMYD 3 58 

1.2.4 SMYD 4 63 

1.2.5 SMYD 5 65 

1.3 SMYD Proteins and Their Implications in Cardiovascular Disease  ........... 67 

1.4 Recent Advancement in SMYD Family Protein  .............................................. 70 

1.5 Research Objectives and Knowledge Gap  ..................................................... 72 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    viii  

 

2 MATERIAL AND METHODS  .................................................................................... 74 

2.1 Animal experiment  ............................................................................................... 74 

2.1.1 Generation of mice strain  74 

2.1.2 Western diet induced atherosclerosis in control and Smyd2  depleted 

mice  76 

2.2 Tissue preparation for histological examination  ........................................... 76 

2.2.1 Formalin Fixed tissue processing of Aortic tissues  77 

2.2.2 Optimum Cutting Sections (OCT)  78 

2.3 Staining techniques  ............................................................................................. 79 

2.3.1 En-face Oil Red O (ORO) staining of aortic tissue  79 

2.3.2 Hematoxylin & Eosin Staining of Formalin Fixed Aortic Tissues  80 

2.3.3 Trichrome Masson Staining of Aortic Tissues from Western Diet -Fed 

Mice 82 

2.3.4 VonKossa (Calcium Stain ) Staining of Aortic Tissues Obtained from 

Western Diet -Fed Mice and In vitro cultured 10T1/2, VSMCs and BMDM 

cells  84 

2.3.5 Alizerin red (Calcium Stain) Staining of Aortic Tissues Obtained from 

Western Diet -Fed Mice and In vitro cultured 10T1/2, VSMCs and BMDM 

cells  87 

2.3.6 Immunohistochemistry (IHC) and Immunofluorescence (IF) Staining of   

Human, and Mice Aortic Tissue  89 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    ix 

 

2.4 Ex-vivo experiment of SMYD2�û�6�0�& ApoE -/- (Vascular smooth muscle cells 

knockout) and Control mice tissues.  ............................................................... 93 

2.5 Wire-myography of aortic tissue obtained from SMYD2fl/fl  ApoE -/- and 

SMYD2�û�0�-ApoE -/- .................................................................................................. 94 

2.6 Western blot (Immunoblotting)  ......................................................................... 95 

2.7 Co-immunoprecipitation  ..................................................................................... 98 

2.8 Gene expression analysis  .................................................................................. 99 

2.8.1 RNA isolation, cDNA Library Preparation, and Reverse Transcription 

Polymerase Chain Reaction (RT -PCR) 99 

2.8.2 Chromatin immunoprecipitation (ChIP)  101 

3 RESULTS - I ............................................................................................................. 103 

3.1 Characterization of SMYD2�û�6�0�& ApoE -/- (Vascular smooth muscle cells 

knockout) in atherosclerosis  ........................................................................... 103 

3.1.1 Characterization of SMYD2fl/fl  ApoE -/- and SMYD2�û�6�0�& ApoE -/- (Vascular 

smooth muscle cells knockout) fed  with Western diet  103 

3.1.2 SMYD2 promote atherosclerosis and calcification of plaque formation 

in western diet fed ApoE -/- mice  109 

3.1.3 SMYD2 promote atherosclerotic plaque formation in Human 

Atherosclerotic Sample  121 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    x 

 

3.1.4 SMYD2 promote vascular calcification through transcriptional 

regulation of calcifications associated genes in atherosclerotic plaque

 128 

3.1.5 Atherosclerotic plaque calcification induced by SMYD2 is mediated by 

activation of Tumor necrosis factor -�.�����7�1�)-�.�� 136 

3.1.6 Transcriptional Regulation of Standard in VSMCs: Methylation and 

Phosphorylation of NF -kB Subunit, p65, Inducing Calcification  139 

3.1.7 Smyd2  Deficiency Mitigates Atherosclerotic Plaque Formation by 

Modulating Oxidative Stress  153 

3.2 Characterization of SMYD2�û�0�-  ApoE -/- (myeloid knockout)  in 

Atherosclerosis  .................................................................................................. 164 

3.2.1 Characterization of SMYD2�û�0�-  ApoE -/- (myeloid knockout)  fed with 

Western diet  165 

3.2.2 �- -SMYD2 protect against atherosclerosis in western diet fed ApoE -/- 

mice  170 

3.2.3 SMYD2 inhibits calcification of vasculature in western diet fed ApoE -/- 

mice  175 

3.2.4 SMYD2 inhibit calcification associated transcription factors in 

vasculature  177 

3.2.5 SMYD2 mediated transcriptional regulation of Runx2  and Brd4 inhibit 

calcification in -vivo  180 

3.3 Smyd2  modulate Notch signaling in VSMCs and Macrophages  .............. 194 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xi 

 

4 CONCLUSION .......................................................................................................... 200 

4.1 SMYD2�û�6�0�& ApoE -/- (Vascular smooth muscle cells knockout) mitigate 

atherosclerotic plaque formation, and calcification through modulation 

of p65/Sox9 axis along with activation of anti -oxidative stress.  .............. 202 

4.1.1 Exploring the Impact of Vascular smooth muscle cells specific Smyd2  

(VSMC-Smyd2 ) on Atherosclerosis and Physiological Parameters in a 

Novel Study  202 

4.1.2 Unveiling the Dual Role of Vascular Smooth Muscle Cell -Specific 

Smyd2 in Atherosclerosis Progression  205 

4.1.3 VSMC-Smyd2  Mediated Methylation and Phosphorylation of p65: 

Implications for Vascular Calcification via Sox9 Regulation  207 

4.1.4 VSMC-Smyd2  Promotes Oxidative Stress Through Modulation of 

Ho1/Nrf2 Axis  215 

4.2 SMYD2�û�0�-ApoE -/- (myeloid /macrophage knockout) promote 

atherosclerotic plaque formation, calcification of vasculature and plaque 

through modulation of RUNX2/BRD4 axis  .................................................... 217 

4.2.1 Unveiling the Role of Smyd2  in Cardiometabolic Phenotypes and 

Pathophysiological Responses: Insights from a Novel Mouse Model

 219 

4.2.2 Cardiovascular Pathology in SMYD2�û�0�-ApoE -/- Mice: Unraveling the 

Role of Smyd2  in Atherosclerosis and Vascular Pathology  221 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xii  

 

4.2.3 Deciphering the Role of Macrophage -Specific SMYD2 in 

Atherosclerotic Plaque Formation and Progression: A Microscopic 

Examination of Plaque Characteristics ( Atherosclerotic Plaque 

Characteristics and Vascular Homeostasis) 224 

4.3 Dynamics of Notch signaling in Smyd2  knockout mice and its role in 

vascular calcification  ........................................................................................ 233 

4.4 Summary  .............................................................................................................. 235 

REFERENCES ..................................................................................................................... 237 

APPENDICES  ..................................................................................................................... 293 

Appendix A: Funding and Awards Received  ........................................................... 293 

Appendix A.1: Doctoral Research Achievement Award  293 

Appendix A.2: American Heart Association (AHA)  293 

Appendix A.3: Georgia State University  293 

Appendix A.4: Georgia State University, Biology Department  293 

�$�S�S�H�Q�G�L�[���%�������%�R�R�N���&�K�D�S�W�H�U�¶�V���$�X�W�K�R�U�H�G ................................................................... 293 

Appendix B.1: Dhingra, N., Bhardwaj, U., Bhardwaj, R., & Sharma, S. (2024). 

Structural Recognition and Cleavage Mechanism of SARS -CoV-2 

Spike Protein. In: Integrative Approaches to Biotechnology  (pp. 201-

219). CRC Press.  293 

Appendix B.2: Chapter:  Dhingra, N., Sharma, S., Kumari, P., Kar, A. (2023). 

Resilience Activity of Glycyrrhiza glabra  in Relation to Cancer: 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xiii  

 

Chemistry and Mechanism. In: Arunachalam, K., Yang, X., Puthanpura 

Sasidharan, S. (eds) Bioprospecting of Tropical Medicinal Plants . 

Springer, Cham. https://doi.org/10.1007/978 -3-031-28780-0_20 294 

�$�S�S�H�Q�G�L�[���&�����3�X�E�O�L�F�D�W�L�R�Q�¶�V���6�0�<�'������ .......................................................................... 294 

Appendix C.1: Smyd2 Modulates Lipid Peroxidation in C3H/10T1/2 Cells 

�7�K�U�R�X�J�K���*�3�;���´���D�F�F�H�S�W�H�G���D�Q�G���Z�L�O�O���E�H���S�U�H�V�H�Q�W�H�G���D�V���S�R�V�W�H�U���D�W���$�%�5�&�0�6��

2023 in Phoenix, AZ on November 15 -18 294 

Appendix C.2: Sharma, S., Guan, X., Hou, Y., Harvey, J., Lamba, P., Li, J., ... & 

Li, C. (2023). Abstract P3022: Smyd2 Deficiency Protects Against 

Atherosclerotic Plaque Formation Through Modulation Of Oxidative 

Stress. Circulation Research, 133(Suppl_1), AP3022 -AP3022. 294 

Appendix C.3: Sharma, S., Guan, X., Hou, Y., & Li. C (2021). 

Methyltransferase Smyd2 Mediate Atherosclerotic Plaque 

Calcification. Circulation , 144(Suppl_1), A11412 -A11412. 295 

Appendix C.4: Sharma, S. A NOVEL ROLE OF METHYLTRANSFERASE 

SMYD2 IN ATHEROSCLEROTIC PLAQUE CALCIFICATION. In 2021 

Annual Meeting . AAAS.  295 

Appendix C.5: Zhou, Y., Sharma, S., Sun, X., Guan, X., Hou, Y., Yang, Z., Shi, 

H., Zou, M. H., Song, P., Zhou, J., Wang, S., Hu, Z., & Li, C. (2023). 

SMYD2 regulates vascular smooth muscle cell phenotypic switching 

and intimal hyperplasia via interaction with myocardin. Cellular and 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xiv 

 

molecular life sciences : CMLS , 80(9), 264. 

https://doi.org/10.1007/s00018 -023-04883-9 295 

Appendix C.6: Zhou, Y., Sharma, S., Sun, X., Guan, X., Hou, Y., Yang, Z., Shi, 

H., Zou, M. H., Song, P., Zhou, J., Wang, S., Hu, Z., & Li, C. (2019). Set 

and MYND Domain -containing Protein 2 (SMYD2) is a Critical 

Regulator for Vascular Smooth Muscle Cell Phenotypic Switching and 

Neointima Formation. European Journal of Vascular and 

Endovascular Surgery , 58(6), e70 295 

Appendix C.7: Guan, X., Hou, Y., Sharma, S., & Li, C. (2022). 

Methyltransferase smyd2 modulates therapeutic effects of epidermal 

growth factor in inflammatory bowel disease. Inflammatory Bowel 

Diseases , 28(Supplement_1), S50 -S51. 295 

Appendix C.8: Hou, Y., Sun, X., Gheinani, P., Guan, X., Sharma, S., Zhou, Y., 

... & Li, C. (2021). METHYLTRANSFERASE SMYD5 EXAGGERATES 

INFLAMMATORY BOWEL DISEASE BY REGULATING PPAR -����

COACTIVATOR 1-�.���6�7�$�%�,�/�,�7�<����Gastroenterology , 160(3), S35-S36. 296 

Appendix C.9: Hou, Y., Guan, X., Sharma, S., & Li, C. (2022). NOVEL 

FUNCTION OF MYELOID METHYLTRANSFERASE SMYD5 IN 

INFLAMMATORY BOWEL DISEASE PROGRESSION. 

Gastroenterology , 162(3), S59-S60. 296 

Appendix C.10: Hou, Y., Sun, X., Gheinani, P. T., Guan, X., Sharma, S., Zhou, 

Y., ... & Li, C. Epithelial SMYD5 Exaggerates IBD by Downregulating 

Mitochondrial Functions via Post -Translational Control of PGC -���.��



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xv 

 

Stability. Cellular and molecular gastroenterology and hepatology , 

14(2), 375-403. 296 

Appendix D: SARS -CoV-2, Cancer and Molecular Docking Related Papers  ..... 296 

Appendix D.1: Natekar, J. P., Pathak, H., Stone, S., Kumari, P., Sharma, S., 

Auroni, T. T., ... & Kumar, M. (2022). Differential pathogenesis of 

SARS-CoV-2 variants of concern in human ACE2 -expressing mice. 

Viruses , 14(6), 1139. 296 

Appendix D.2: Stone, S., Rothan, H. A., Natekar, J. P., Kumari, P., Sharma, S., 

Pathak, H., ... & Kumar, M. (2021). SARS -CoV-2 variants of concern 

infect the respiratory tract and induce inflammatory response in wild -

type laboratory mice. Viruses , 14(1), 27. 296 

Appendix D.3: Kumari, P., & Sharma, S. (2021). ACE2: A Double -Edged 

Sword Against SARS CoV -2 Associated Cardiovascular Complications 

and Endothelial Dysfunction.  297 

Appendix D.4: Mittal, K., Kaur, J., Sharma, S., Choudhary, I., Wei, G., Jacob, 

P. I., ... & Aneja, R. (2020). PLK4 is a HIF -���.���W�D�U�J�H�W���J�H�Q�H�����$���Q�R�Y�H�O��

mechanism inducing centrosome amplification in tumor cells. Cancer 

Research , 80(16_Supplement), 3560 -3560. 297 

Appendix D.5: Mittal, K., Kaur, J., Sharma, S., Choudhary, I., Wei, G., Jacob, 

P. I., ... & Aneja, R. (2022). Hypoxia drives centrosome amplification in 

�F�D�Q�F�H�U���F�H�O�O�V���Y�L�D���+�,�)���.-dependent induction of polo -like kinase 4. 

Molecular Cancer Research , 20(4), 596-606. 297 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xvi 

 

Appendix D.6: Dhingra, N., Kapoor, K., Sharma, S., & Saxena, A. (2023). 

Towards further understanding the structural insights of isoxazoles 

analogues against leishmaniasis using QSAR, molecular docking and 

molecular dynamics model. Journal of the Indian Chemical Society , 

100(1), 100847. 297 

Appendix D.7: Dhingra, N., Kapoor, K., Sharma, S., & Ameta, K. L. (2022). 

Exploring the structural insights of trisubstituted isoxazoles against 

protozoal agents using QSAR and molecular docking model.  297 

Appendix D.8: Bora, D., Singh, N., & Sharma, S. (2020). Phytotherapy: Tool 

against Obesity. Open Journal of Nutrition and Food Science , 2, 62-70.

 297 

 

  



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xvii  

 

LIST OF TABLES  

Table 2 -1 Primers used for Genotyping  75 

Table 2 -2 Steps of preparation of formalin fixed mouse tissue block for 

histological examination  78 

Table 2 -3 Steps of Hematoxylin & Eosin staining  81 

Table 2 -4 Steps of Masson's trichrome staining  83 

Table 2 -5 Steps of Von Kossa (Calcium Stain) Staining of Aortic Tissues Obtained 

from Western Diet -Fed Mice  85 

Table 2 -6 Steps of Alizerin red (Calcium Stain) Staining of Aortic Tissues 

Obtained From Western Diet -Fed Mice  88 

Table 2 -7 List of reagents used in Immunofluorescence  93 

Table 2 -8 List of Antibody used for Western blot and Immunoprecipitation.  96 

Table 2 -9 Primers used for gene expression studies  100 

Table 2 -10 ChIP Primers used for gene expression studies  102 

 

 

  



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xviii  

 

LIST OF FIGURES 

Figure 1 -1 Structural Diversity in SMYD Family proteins.  45 

Figure 2 -1 Anatomical distribution of mouse aorta.  77 

Figure 3 -1 Metabolic profiling of control ( SMYD2fl/fl ApoE -/-) or knockout 

(SMYD2�û�6�0�&ApoE -/-) mice fed with western diet for 26 weeks.  108 

Figure 3 -2  En-face Aorta Imaging and Atherosclerotic Lesion Quantification . 112 

Figure 3 -3 Morphology and Distribution of Plaque Area in 18 -Week Western Diet -

Fed Mice (n=7 -11). 115 

Figure 3 -4 Morphology and Distribution of Plaque Area in 26 -Week Western Diet -

Fed Mice (n=7 -11). 116 

Figure 3 -5 Morphology and Distribution of Calcified Plaque Area (Alizarin Red 

Positive Area/Plaque Area x 100).  119 

Figure 3 -6 Morphology and Distribution of Calcified Plaque Area (Von Kossa 

Positive Area/Plaque Area x 100) . 121 

Figure 3 -7 Comparative Smyd2  Expression Analysis in Aorta, Macrophages, 

Hypertensive Patients, and Atherosclerotic Plaques.  124 

Figure 3 -8 SMYD2 Expression in Human Atherosclerotic Samples.  127 

Figure 3 -9 mRNA analysis of calcification inducer transcription factors in aortic 

tissues obtained from control and SMYD2 depleted mice.  134 

Figure 3 -10 mRNA analysis of calcification associated genes in aortic tissues 

obtained from control and SMYD2 depleted mice.  136 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xix 

 

Figure 3 -11 mRNA analysis of inflammatory cytokines associated with 

calcification of aortic tissues obtained from control and SMYD2 depleted 

mice.  139 

Figure 3 -12 SMYD2 drives calcification of VSMCs.  144 

Figure 3 -13 SMYD2 drives calcification of VSMCs in -vitro  149 

Figure 3 -14 SMYD2 mediate phosphorylation and methylation of p65 in 

C3H10T1/2. 153 

Figure 3 -15 SMYD2 mitigate the severity of atherosclerotic plaque formation by 

modulating oxidative stress through the GPX4/NRF2/HO -1 axis.  162 

Figure 3 -16 Metabolic profiling of control (SMYD2 fl/fl ApoE -/- ) or knockout 

(SMYD2�û�0�-  ApoE -/-) mice fed with western diet for 26 weeks.  166 

Figure 3 -17 Morphological and developmental defect in knockout 

(SMYD2�û�0�- ApoE -/-) mice fed with western diet for 10 weeks resulted in mice 

death . 169 

Figure 3 -18 Splenomegaly among the control (SMYD2 fl/fl ApoE -/- ) or knockout 

(SMYD2�û�0�- ApoE -/-) mice fed with western diet for 26 weeks.  170 

Figure 3 -19 Pathophysiological burden in control ( SMYD2fl/fl ApoE -/-) or knockout 

(SMYD2�û�0�- ApoE -/-) mice fed with western diet for 26 weeks.  173 

Figure 3 -20 Morphological characterization of atherosclerotic plaque burden of 

control (SMYD2 fl/fl ApoE -/- ) or knockout (SMYD2 �û�0�- ApoE -/-) mice fed with 

western diet for 26 weeks . 174 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xx 

 

Figure 3 -21 Representative photomicrograph of calcification in the 26 -week-WD 

fed SMYD2fl/fl ApoE -/- and SMYD2�û�0�-ApoE -/- mice aorta by Von Kossa 

staining.  176 

Figure 3 -22 Representative photomicrograph of calcification in the 26 -week-WD 

fed SMYD2fl/fl ApoE -/- and SMYD2�û�0�-ApoE -/- mice aorta by Alizarin Red 

Staining (ARs).  177 

Figure 3 -23 SMYD2 Modulates Calcification -Associated genes in VSMCs obtained 

�I�U�R�P���F�R�Q�W�U�R�O���D�Q�G���--SMYD2-KO mice tissues fed with Western Diet for 26 

weeks.  This figure depicts the influence of SMYD2 depletion on 

calcification -related transcription factors in VSMCs. SMYD2 depletion 

reduces vascular and plaque calcification.  179 

Figure 3 -24 �7�U�D�Q�V�F�U�L�S�W���$�Q�D�O�\�V�L�V���R�I���9�6�0�&�V�����9�6�0�&�V�����L�V�R�O�D�W�H�G���I�U�R�P���F�R�Q�W�U�R�O���D�Q�G���--

SMYD2-KO mice tissues after 26 weeks of being fed a Western Diet (WD).

 181 

Figure 3 -25 Regulatory Interplay of SMYD2, RUNX2, and BRD4 in Vascular 

Calcification.  183 

Figure 3 -26 Regulatory Interplay of Smyd2 , in BMDM (primary cells) and RAW 

264.7 cells, assessed using Alizarin Red staining (ARs).  185 

Figure 3 -27 Impact of Smyd2  Inhibition on BRD4 -Mediated Activity and Protection 

Against BRD4 and RUNX2 Activation. RAW 264.7 cells were subjected to 5 

mmol/L Pi treatment for 24 hours, with or without the BRD4 inhibitor JQ1.

 186 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xxi 

 

Figure 3 -28 Regulatory Mechanisms in Macrophage Calcification Mediated by 

SMYD2, BRD4, and Runx2 . 190 

Figure 3 -29 mRNA analysis of transcription factor and inflammatory genes 

associated with calcification in control and smyd2 depleted cells, treated 

with or without Inorganic phosphate for 24hr.  194 

Figure 3 -30 mRNA analysis of Notch and associated genes in control and smyd2 

depleted mice aortic tissue, fed with WD upto 26 weeks.  197 

Figure 4 -1 Metabolic profiling of control (SMYD2 fl/fl ApoE -/-) or knockout 

(SMYD2�û�6�0�&ApoE -/-) fed with western diet for 14 weeks, followed by 12 

weeks of Chow Diet.  204 

 

  



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCV                                                                    xxii  

 

LIST OF ABBREVIATIONS  

Vascular Smooth Muscle Cells (VSMCs)  

�0�D�F�U�R�S�K�D�J�H�V�����-���� 

SMYD2 (SET And MYND Domain Containing 2)  

SOX9 (SRY-Box Transcription Factor 9)  

Runt-related transcription factor 2 (RUNX2)  

Brachiocephalic artery (BCA)  

Buffer Formalin solution (NBF)  

Optimum cutting section (OCT)  

Hematoxylin & Eosin staining (H&E) 

Immunohistochemistry (IHC)  

Immunofluorescence (IF)  

vonKossa staining (VKs) 

Alizarin Red staining (ARS) 

Oil Red O (ORO) staining 

10T1/2 cells (C3H10T1/2) (Mesenchymal stem cells), 

RAW 264.7 (Macrophages)   

Reverse transcription polymerase chain reaction (RT-PCR) 

 
 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 1 

 

INTRODUCTION  

Cardiovascular disease, including heart disease, stroke, and associated risk 

factors, is a major global health concern as per American Heart Association (AHA) and 

the National Institute of Health (NIH). These conditions are influenced by various 

factors, including lifestyle behaviors (such as smoking, physical activity, diet, and 

weight) and key health indicators (such as cholesterol, blood pressure, and glucose 

control). Additionally, supplemental disease conditions, including obesity, 

hyperlipidemia, hypertension, diabetes, and metabolic syndrome contributes 

significantly to cardiovascular complications 1. Among these contributors, diabetes (with 

A1c levels below 7% and LDL-C levels below 70 mg/dL), metabolic or cardiometabolic 

syndrome, subclinical atherosclerosis (characterized by increased intima-media 

thickness) familial history/genetics, coronary artery calcification, peripheral artery 

disease, and atherosclerotic renal artery stenosis play a significant role in 

atherosclerotic cardiovascular disease (ASCVD). However, due to the complex nature 

of atherosclerotic plaque formation, the lack of conclusive causative agents, and limited 

understanding of its underlying pathology, it remains a slowly progressing condition that 

often goes undetected.  

Atherosclerotic cardiovascular disease (ASCVD) is a major cause of illness and 

death worldwide, affecting both developed and developing nations, and is characterized 

by plaque formation in atherosclerosis-prone areas of the arterial walls and Branchial 

Carotid Arteries (BCA) and abdominal branches (atherosclerosis), primarily due to 

factors such as hypercholesterolemia (elevated levels of LDL-C and non-HDL-C) and 

metabolic syndrome (elevated triglycerides, high blood pressure, elevated glucose, and 
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low HDL-C). Collectively these conditions contribute to the development of various 

cardiovascular complications, including coronary heart disease, cerebrovascular 

disease, peripheral artery disease, and aortic atherosclerotic disease. Much of these 

conditions are attributed to unhealthy lifestyle choices, and suboptimal pathological 

conditions such as diabetes, hypertension, obesity, and chronic kidney disease are 

significant contributors to ASCVD, along with racial disparity 2. 

Atherosclerotic plaque formation involves cellular, structural, and molecular 

dysfunctions in the sub-endothelial space, fortified with vascular smooth muscle cells 

(VSMCs). The slow progressive event of plaque formation includes the recruitment, 

polarization, and trans-differentiation of cells (VSMCs, Macrophages, endothelial cells 

(ECs), and Adventia) into different cell types or acquiring characteristic features of other 

cell types. The enhanced complexity in atherosclerotic plaque is also attributed to 

multidirectional communication among endothelial cells, vascular smooth muscle cells, 

macrophages, and the ever-changing microenvironment within atherosclerotic plaques 3 

(Detailed discussion in section 1.1). 

1.1 Cellular Plasticity in Atherosclerotic Cardiovascular Disease (ASCVD)  

1.1.1 Atherosclerotic Cardiovascular Disease (ASCVD)  

Atherosclerotic cardiovascular disease (ASCVD) complications are closely linked 

to the accumulation of atherosclerotic plaques within the vasculature. The pathological 

remodeling of ECs, macrophages, VSMCs, and the extracellular matrix (ECM) 

collectively contribute to the formation of the atherosclerotic plaque's core within the 

media layer 4-8. Gradual and progressive sequence of plaque formation is marked by 

leukocyte rolling, adhesion, migration, and transmigration through the EC lining into the 
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subendothelial space, resulting in increased vascular permeability 9-12. Within the 

subendothelial and medial lining, neutrophils and macrophages, activated by, OxLDL, 

inflammation or free cholesterol, promote the expression of adhesion molecules and 

chemokines such as CCL2, further aggravating EC and vascular dysfunction initiating 

early vascular pathology 13,14. These events collectively contribute to VSMCs 

inflammation and mark the initial stage of vascular pathology. Being an integral part of 

atherosclerosis, VSMCs participate in each stage to encompass initiation, progression, 

and plaque maturation. 

1.1.1.1 Vascular Smooth Muscle Cells Driven Vascular Pathology  

The recognition of VSMCs, VSMC-derived and along with their descendants, 

cells contribute to severity of atherosclerosis. These cell types contribute significantly to 

various plaque types and phenotypes, including fibrous cap ECM producers, 

macrophage-like cells, foam cells, mesenchymal stem-cell-like cells, and osteo-

chondrogenic cells, influencing all stages of atherosclerosis. Understanding the origin, 

clonal expansion, and phenotype transitions of VSMCs is crucial for unraveling the 

complexities of atherosclerosis 7,15,16.  

In a normal resting state, VSMCs in the arterial medial layer play a vital role in 

arterial contraction and the production of ECM to maintain proper hemodynamics. 

These spindle-�V�K�D�S�H�G���9�6�0�&�V���H�[�S�U�H�V�V���F�R�Q�W�U�D�F�W�L�O�H���S�U�R�W�H�L�Q�V���O�L�N�H���.-smooth muscle actin 

���.�6�0�$�����D�Q�G���V�P�R�R�W�K���P�X�V�F�O�H���P�\�R�V�L�Q���K�H�D�Y�\���F�K�D�L�Q�����6�0�0�+�&���R�U���0�<�+���������D�Q�G���V�H�F�U�H�W�H���(�&�0��

components such as elastins, collagens, and proteoglycans, which are organized into 

myofilaments. However, when exposed to injury or prolonged metabolic distress, and in 

vitro, leading to morphological alterations in fusiform VSMCs and decreased expression 
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of 'VSMC-specific' markers. Importantly, lineage tracing and fate mapping experiments 

have provided evidence of active VSMC participation at all atherosclerosis stages, 

emphasizing that the presence, origin, plasticity, clonality, and fate of VSMCs within 

plaques play crucial roles in determining plaque progression and phenotypes. However, 

the distinct embryonic origins of VSMCs, with limited intermingling between different 

lineages, contribute to the complexity of plaque phenotypes 7,17-27.  

Recent research utilizing lineage tracing and fate mapping has uncovered that a 

substantial proportion, ranging from 30% to 70% of cells found within atherosclerotic 

�S�O�D�T�X�H�V���R�U�L�J�L�Q�D�W�H���I�U�R�P���9�6�0�&�V�����)�R�U���L�Q�V�W�D�Q�F�H�����W�K�H���S�U�H�V�H�Q�F�H���R�I���.�6�0�$�����F�H�O�O�V���Z�L�W�K�L�Q���W�K�H��

fibrous cap challenges the previously held belief that these cells were exclusively 

generated by bone marrow-derived macrophages (BMDM). Furthermore, these VSMC-

derived cells exhibit co-expression of stem cell antigen 1 (SCA1) in both healthy and 

atherosclerotic plaques, suggesting an inherent stem-like quality of VSMCs. Their 

phenotypic transitions appear to depend on specific stimuli, underscoring that the 

recruited cells within atherosclerotic plaques are predominantly proliferative and 

migratory VSMCs, exhibiting characteristics typical of synthetic VSMCs. These VSMCs 

are accompanied by various other cell types, including pericytes, macrophages, and 

endothelial cells, contributing to the plaque's cellular composition 18,21-23,28-33.  

Synthetic VSMCs, marked by a shift away from contractile protein expression 

and an increase in ECM and ECM-remodeling enzyme expression, as well as pro-

inflammatory cytokines, exhibit positive staining for macrophage markers (LAMP2, 

CD68, GAL3) within atherosclerotic plaques. Notably, CD68 expression co-localizes 

�Z�L�W�K���.�6�0�$�����F�H�O�O�V���L�Q���E�R�W�K���K�X�P�D�Q���D�Q�G���P�X�U�L�Q�H���D�W�K�H�U�R�V�F�O�H�U�R�W�L�F���S�O�D�T�X�H�V 22,23,34,35. These 
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VSMC-like macrophages also demonstrate osteochondrogenic and mesenchymal stem 

cell-like behaviors within atherosclerotic plaques, as indicated by their expression of 

ECM components, SCA1, and endoglin, respectively. In murine plaques, lineage tracing 

reveals the presence of a cell population expressing SCA1, CD68, as well as 

chondrocyte-related proteins such as the transcription factor SOX9 and chondroadherin. 

Furthermore, in vitro stimulation of VSMCs with cholesterol, OxLDL, or inflammatory 

cytokines results in an increased expression of phagocytic-macrophage-like and 

osteochondrogenic phenotypes 23,33,36,37.  

The ongoing debate revolves around the clonality and proliferation of VSMCs 

within atherosclerotic plaques. Recent investigations of mouse plaques have indicated 

that a relatively small subset of cells within the vessel wall experience clonal expansion, 

and notably, these cells are not prominently found within atherosclerotic plaques. This 

finding suggests a shared ancestral origin for the VSMCs involved in the development 

of plaques through mechanisms other than extensive proliferation. This raises questions 

about whether the development of atherosclerotic plaques relies on the proliferation 

and/or migration of VSMCs. However, the examination of plaque progression indicates 

that VSMCs initially contribute to the formation of the fibrous cap, followed by a shift in 

phenotype within the lesion core. The fibrous caps consist of highly proliferative cells 

�H�[�S�U�H�V�V�L�Q�J���.�6�0�$�����6�0�0�+�&�����D�Q�G���3�'�*�)�5�������9�6�0�&�V�����$�O�W�K�R�X�J�K���O�L�Q�H�D�J�H���W�U�D�F�L�Q�J���D�Q�G���I�D�W�H��

mapping have offered some insights into the importance of VSMCs in atherosclerosis, 

the reasons behind the heterogeneity in plaque characteristics remain largely unclear 

21,22,32,34,38,39.  
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In summary, VSMCs play an indispensable role in vascular pathology, 

particularly in atherosclerosis. Their capacity to undergo phenotypic shifts, actively 

engage in plaque formation, and exhibit stem cell-like properties underscores their 

central role in instigating and advancing the development of atherosclerosis and plaque 

complexity.   

1.1.1.2 Atherosclerosis: Early, Progressive, and Late Stages and 

Clinical Implications   

Atherosclerosis, a complex and widespread cardiovascular disease, progresses 

through distinct stages, each marked by unique cellular and molecular events. In the 

early stages, VSMCs play a crucial role in initiating the disease, along with intricate 

interactions between ECs and macrophages. Progression leads to pathological intimal 

thickening (PIT) characterized by lipid accumulation and inflammation, ultimately 

evolving into fibroatheromas with well-defined fibrous caps. Late-stage atherosclerosis 

introduces complexities such as calcification and osteochondrogenic transformation of 

VSMCs. These stages hold significant clinical implications, influencing outcomes like 

plaque stability and the risk of complications like rupture and erosion. A detailed 

exploration of these stages sheds light on the mechanisms driving atherosclerosis, 

aiding the development of targeted therapeutic strategies. 

VSMCs' Role in early Atherosclerosis:  In the early stages of atherosclerosis, 

which represents the disease's inception, there is a transition from diffused intimal 

thickening (DIT) to PIT. This phase is characterized by the presence of lipid 

accumulations deep within the arterial intima, where lipids, including free cholesterol, 

are sequestered and subjected to oxidative processes. This triggers an inflammatory 
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response and the proliferation of VSMCs, accompanied by alterations in the phenotype 

of VSMCs and their eventual demise. Abundant VSMCs coexist with an ECM rich in 

specific proteoglycans like biglycan, versican, and perlecan, as well as 

glycosaminoglycans like hyaluronan within the distinctive lipid pools found in PIT 40-50. 

 The secretion of ECM components and a secretome by VSMCs associated with 

DIT, combined with interactions involving negatively charged proteoglycans and 

positively charged apolipoproteins, marks the onset of early atherosclerosis. It's worth 

noting that experimental studies involving the overexpression of biglycan have 

demonstrated its role in enhancing lipid retention within the vascular wall and deep 

within PIT, thereby triggering lipid modifications such as oxidation and reduction, as well 

as recruiting macrophages and monocytes, as indicated by the co-�O�R�F�D�W�L�R�Q���R�I���.-smooth 

�P�X�V�F�O�H���D�F�W�L�Q�����.�6�0�$�������F�H�O�O�V�����E�L�J�O�\�F�D�Q�����Y�H�U�V�L�F�D�Q�����D�Q�G���&�'���������7�K�L�V���S�K�D�V�H���L�V���V�X�E�V�W�D�Q�W�L�D�W�H�G��

by extensive scientific research 35,51-53. 

Progression to Pathological Intimal Thickening (PIT):   As the disease 

�S�U�R�J�U�H�V�V�H�V���I�U�R�P���'�,�7���W�R���3�,�7�����D���O�R�V�V���R�I���.-�V�P�R�R�W�K���P�X�V�F�O�H���D�F�W�L�Q�����.�6�0�$�����H�[�S�U�H�V�V�L�R�Q���R�F�F�X�U�V��

due to VSMC uptake of oxidized low-density lipoprotein (oxLDL) and cholesterol, 

resulting in foam cell formation and either the emergence of microcalcifications 51-53.  

The recruitment of CD68+ macrophages to PIT from circulating monocytes further 

complicates the picture, as these macrophages differentiate, proliferate, and colocalize 

�Z�L�W�K���.�6�0�$�����F�H�O�O�V�����V�X�J�J�H�V�W�L�Q�J���W�K�D�W���9�6�0�&�V���P�L�J�K�W���H�[�K�L�E�L�W���P�D�F�U�R�S�K�D�J�H-like behavior. 

Endothelial cells express adhesion molecules (including selectins, VCAM-1, ICAM-1 

and CD31) and secrete chemoattractants like chemokines (CCL2, CCL5 and CXCL1) in 
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response to pro-inflammatory cytokines or oxLDL, facilitating monocyte recruitment to 

PIT 49,54-59. 

VSMCs' Role in Progressive Atherosclerosis  In the progressive stages of 

atherosclerosis, PIT evolves into fibroatheromas characterized by the presence of a 

well-defined fibrous cap, a lipid core, and a necrotic core, accompanied by evolving 

plaque shoulders with foam cells and impaired efferocytosis of dead VSMCs and 

macrophages. Macrophages multiply exponentially, exacerbating the inflammatory state 

and contributing to increased plaque size by suppressing efferocytosis and allowing 

uncleared apoptotic cells to undergo secondary necrosis 60-66. The fibrous cap, serving 

as a healing response, provides plaque stability by secreting collagens (primarily type I 

and III) and exhibiting decreased proteoglycan levels 31,67,68. 

Studies employing lineage tracing in mice have elucidated the migration and 

proliferation of medial VSMCs in response to inflammation or metabolic disorders, 

forming the fibrous cap, a process partly dependent on OCT4 expression. Correlating 

with the increase in VSMCs, colocalization studies have demonstrated the presence of 

collagen synthesis, ultimately leading to increased fibrous cap thickness and stability. 

Subsequent ablation of VSMCs-Col15a in mice resulted in a significant reduction 

(>70%) in collagen type XV content within atherosclerotic lesions. Notably, the 

stabilization of the plaque involves VSMCs developing the fibrous cap. However, when 

loaded with lipids, VSMCs alter their interactions with the ECM, promoting a phenotype 

shift towards macrophage marker expression, such as CD68. Macrophage-like VSMCs 

contribute significantly to both plaque caps and foam cells, (human 30�±40% of CD68+ 
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cells and 50% of foam cells) driving the progression of inflammatory cells in the plaque 

21,23,32,69-73. 

 Calcification and Osteochondrogenic Transformation of VSMCs:  In 

advanced stages of atherosclerosis, known as late fibroatheromas, a notable 

phenomenon is the calcification of the necrotic core. This calcification process is driven 

by calcifying microvesicles originating from both macrophages and VSMCs. These 

microvesicles aggregate, forming speckles, fragments, and sheets, although their 

distribution can vary among individuals and within different regions of plaques 74-78. 

Within the intricate environment of atherosclerotic plaques, precursor cells 

undergo an osteochondrogenic transformation, marked by the expression of specific 

markers such as Runx2, Sox9, chondroadherin, and type II collagen. It's noteworthy that 

research in mouse models of atherosclerosis has substantiated this transformation, 

highlighting its importance. This osteochondrogenic change constitutes a critical aspect 

of the pathology observed in late-stage atherosclerosis, contributing to the complex 

composition of plaques and potentially carrying clinical implications 73,75,79-91. 

VSMCs' Impact on Clinical Outcome: Plaque Stability and Erosion  In the 

clinical context, atherosclerosis's major outcomes revolve around mortality and 

morbidity, with complications like angina and myocardial infarction resulting from plaque 

rupture (thrombosis) and erosion. As plaques evolve independently, they significantly 

increase total necrotic core size while reducing free cholesterol content. The process 

also involves calcification and ECM remodeling through matrix metalloproteinases 

(MMPs), particularly sulfatases and exoglycosidases. Consequently, the ECM-derived 

proteases lead to the depletion of VSMCs from the fibrous cap, resulting in an 
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expanded necrotic core that extends outward, thinning the fibrous cap and rendering it 

�S�U�R�Q�H���W�R���U�X�S�W�X�U�H�����$���W�K�L�Q���I�L�E�U�R�X�V���F�D�S�����G�H�I�L�Q�H�G���D�V���O�H�V�V���W�K�D�Q�����������P���L�Q���W�K�L�F�N�Q�H�V�V�����E�H�F�R�P�H�V��

highly susceptible to rupture, driven by factors such as proteolytic activity, mechanical 

stress, and microcalcification 69,76,92-97. However, in very advanced plaques, VSMC 

proliferation is significantly reduced, but apoptosis and necrosis of VSMCs increase, 

particularly in unstable versus stable plaques. These apoptotic cells extend outward 

towards the lumen, contributing to plaque instability and the initiation of calcification. 

Alternatively, the microenvironment inhibits phagocytosis, efferocytosis, and the 

development of secondary necrosis, preventing the leakage of intracellular contents into 

circulation 60-66,75,98-104.  

In conclusion, unraveling the complexities of atherosclerosis, from its early 

stages characterized by lipid accumulation and VSMC-EC interactions to late stages 

featuring calcification and osteochondrogenic transformation, provides critical insights 

for targeted therapeutic strategies. These insights also emphasize the essential role of 

VSMCs in plaque stability and the associated risks when they are depleted. However, 

bridging the gaps in our current understanding of the intricate interplay between 

VSMCs, endothelial cells, and macrophages remains a formidable challenge in 

advancing atherosclerosis research and treatment. 

1.1.2 Macrophage Plasticity in Vascular Disease  and Atherosclerosis  

Macrophages and their phenotypic diversity are central to the establishment and 

progression of atherosclerotic plaques and account for the majority of immune cells 

within plaque and its microenvironment. Infiltrating monocytes differentiate into 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 11 

 

macrophages, and vascular resident macrophages proliferate locally, contributing to 

vascular pathogenesis 105,106.  

Monocytes, typically scarce, accumulate within arterial walls due to metabolic 

syndrome (dyslipidemia, hyperlipidemia, low-grade chronic inflammation etc), leads to 

elevated monocytosis and atherosclerosis, often associated with impaired cholesterol 

efflux capacity in precursor cells. The interaction between endothelial cells (P-selectin) 

and monocytes (P-selectin glycoprotein ligand-1) or integrins (such as Very-late antigen 

4 (VLA-4)) with VCAM-1 and ICAM-1 facilitates their penetration through endothelial 

cells into the subendothelial space, where they exhibit reduced migration ability, and 

induce low grade vascular inflammation and thinning of fibrous caps 106-112. 

Within the lesion, monocytes differentiate into macrophages, promoting plaque 

growth and complexity. Interestingly, their absence in the lesion inhibits atherosclerosis 

in its early stage but not in advanced stages of atherosclerotic plaques. This intricate 

disease progression is driven by inflammatory processes and the retention of 

lipoproteins in fatty streaks, leading to a substantial recruitment of Ly6Chigh monocytes 

and the formation of foam cells, marking the onset of early-stage atherosclerosis. 

Meanwhile, monocytes originating from the bone marrow migrate to the spleen, where 

they bolster the population of splenic Ly6Chigh monocytes known for their inflammatory 

traits. These monocytes then infiltrate atherosclerotic plaques, exacerbating the 

progression of atherosclerosis. Additionally, under hyperlipidemic or dyslipidemic 

conditions, vasculature-resident Sca-1+CD45+ progenitor macrophages are 

upregulated independently of replenishment by circulating monocytes from the spleen 

or bone marrow. This upregulation contributes to the early establishment of plaques. 
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Consequently, there is potential for mitigating advanced atherosclerosis by inhibiting the 

polarization of tissue-resident macrophages 109,113-116.  

Monocytes within the lesion microenvironment, exposed to inflammatory 

cytokines (including IFN-�������7�1�)�.�����7�/�5�����,�/-���������,�/-6, IL-12, IL-23, CXCL-9/10, and LPS) 

or chemical compounds (such as calcium oxalate and iron), undergo a transformation 

into pro-inflammatory M1 macrophages. This conversion leads to tissue damage and 

hinders the process of wound healing and plaque progression 117-119. Alternatively, M2 

macrophages are known for their contributions to tissue repair, fibrosis, apoptotic cell 

debris clearance, and the suppression of inflammation. When monocytes encounter Th2 

cytokines like IL4 and IL13, they undergo polarization into M2 macrophages, 

characterized by markers such as CD163, mannose receptor 1, resistin-�O�L�N�H���������D�Q�G���K�L�J�K��

arginase-1 levels. These M2 macrophages further differentiate into subtypes like M2a, 

M2b, and M2c, depending on the cytokine milieu (IL-4, IL-13, and IL-10). However, in 

specific microenvironments, these M2 subtypes can differentiate into Mox, M4, M(Hb), 

and Mhem subtypes 4,119-123.  

Contrarily, M4 macrophages, despite their similarity to M2 macrophages, tend to 

promote the development of atherosclerosis and instability in plaques. This is primarily 

due to their production of pro-inflammatory cytokines like IL-6 and TNF-�.�����D�V���Z�H�O�O���D�V��

their reduced expression of the protective enzyme heme oxygenase-1 and impaired 

phagocytic capacity. In contrast, Mox macrophages are induced in mice when they are 

exposed to ox-LDL through the Nrf2 pathway. The M (Hb) subtype is formed when 

CD163-mediated ingestion of hemoglobin/haptoglobin complexes occurs, and these 

macrophages show reduced lipid accumulation thanks to increased expression of liver 
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�;���U�H�F�H�S�W�R�U�����/�;�5�����.�����Z�K�L�F�K���D�L�G�V���L�Q���F�K�R�O�H�V�W�H�U�R�O���H�I�I�O�X�[�����$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���0�K�H�P���S�K�H�Q�R�W�\�S�H��

�L�V���L�Q�G�X�F�H�G���E�\���K�H�P�R�J�O�R�E�L�Q���W�K�U�R�X�J�K���W�K�H���D�F�W�L�Y�D�W�L�R�Q���R�I�����•-AMP-activated protein kinase 

(AMPK) and downstream transcription factors, including heme oxygenase-�����D�Q�G���/�;�5�� 

118,120,124-128. 

in vitro studies showed a simplistic mechanism that can be targeted for 

therapeutic interventions however, in vivo mechanism is very complex and not simplistic 

because of crosstalk between the cell type and other factors.  

1.1.2.1 Macrophages Dynamics within Atherosclerotic Plaque and its 

Microenvironment   

Histological analysis of atherosclerotic plaques in human and mice highlights 

differential macrophage subtype distributions, with M1 being found in infarction-prone, 

and advanced plaque regions while M2 in present at early, stable and regressive 

plaques. M1 in advanced plaques is primarily localized near the lipid core, while M2 

cluster in neo-angiogenic regions. These patterns are partly driven by unique biological 

functions determined by specific receptors and signaling molecules. M2, compared to 

M1 macrophages, have reduced cholesterol-handling capacity, associated with lower 

�/�;�5�.���H�[�S�U�H�V�V�L�R�Q���D�Q�G���D�O�W�H�U�H�G���W�D�U�J�H�W���J�H�Q�H�V. Nonetheless, M2 macrophages exhibit high 

�S�K�D�J�R�F�\�W�L�F���D�F�W�L�Y�L�W�\���G�X�H���W�R���3�3�$�5�����D�F�W�L�Y�D�W�L�R�Q��120,129-133. 

In hypercholesterolemic or cardiometabolic disease, Mox macrophages 

constitute approximately 30% of plaque macrophages, while M1 and M2 phenotypes 

make up around 40% and 20% of the remaining macrophages, respectively. Cardio-

protective M (Hb) and Mhem macrophages may coexist in neovascularization or 

hemorrhage-prone areas within atherosclerotic plaques, sharing atherosclerosis-
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protective properties, such as low ROS production and efficient cholesterol efflux. It is 

possible that M (Hb) and Mhem macrophages emerge due to specific stimuli in the 

atherosclerotic plaque microenvironment. On the other hand, M2a macrophages are 

found in neovascularization and stable lesion regions, displaying robust phagocytosis. 

M4 macrophages mainly reside in adventitia and intima, linked to atherogenic 

processes and plaque instability. In summary, M2 macrophages don't always offer 

protection, highlighting the necessity of maintaining a balance between M1 and M2 

macrophages for atherosclerotic plaque stability 120,127,134-136 

The strong correlation between circulating monocytes and plaque macrophages 

strongly suggests their monocyte origin. Within plaque microenvironments, resident 

monocytes/macrophages proliferate, dominating atherosclerosis stages. 

Microenvironment factors, like ER stress, ROS, and inflammation, induce 

monocyte/macrophage polarization, affecting plaque development and calcification 

59,137,138.  

Inflammation driven by macrophages plays a role in promoting vascular and 

plaque calcification. Scientific literature suggests that the balance between pro-

inflammatory M1 and anti-inflammatory M2 macrophages, rather than their sheer 

numbers, may be a critical factor in determining the progression of atherosclerosis. The 

initial stage known as the "fatty streak," which is a defining feature of atherosclerosis, is 

characterized by the presence of macrophages originating from monocytes and 

accompanied by T lymphocytes. This process triggers endothelial activation, resulting in 

the release of chemokines and the expression of adhesion molecules (such as MCP-1, 

ICAM-1, and VCAM-1), which in turn attract more monocytes and lead to the formation 
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of early plaque-like structures. Macrophages transition into foam cells by absorbing 

apoB-containing lipoproteins resulting in lipid accumulation within the plaque. While in 

intima, the non-foam macrophages cells result in significant upregulation of 

inflammatory genes within atherosclerotic plaques. This persistent inflammation within 

the intima or early plaques significantly contributes to plaque progression, ultimately 

leading to the development of complex, rupture-prone lesions 4,106,139-141. The 

composition of the plaque's surroundings, along with elements originating from the 

circulation, play a pivotal role in influencing macrophage characteristics and alignment. 

The polarization towards M1, induced by substances such as TNF, IFN-�������5�2�6�����D�Q�G��

oxidative stress, actively contributes to the development of atherosclerosis. Conversely, 

molecules produced by Th2 cells, including IL-�������3�3�$�5�������D�Q�G���+�2�������I�R�V�W�H�U���0����

polarization, which exerts an anti-atherosclerotic influence 109,142-147.  Additionally, 

OxLDL triggers cellular reprogramming, metabolic alterations, and induces heightened 

inflammation in macrophages through the regulation of TLR4/2 and CD36. 

Simultaneously, activation of Nrf2 fosters the differentiation of Mox macrophages, 

mitigating their anti-atherogenic effects 107,127,146,148,149. 

Macrophages play a crucial role in managing cholesterol levels, regulating 

hypercholesterolemia, and shaping the lipid environment within atherosclerotic plaques 

150. Cholesterol, a key player in these plaques, can trigger inflammation and the 

polarization of M1 macrophages, whether in the form of cholesterol crystals or 

cholesteryl esters. Lipoproteins originating from cholesteryl esters undergo hydrolysis 

and re-esterification within the endoplasmic reticulum, forming lipid droplets. The 

excessive accumulation of these droplets within lysosomes impedes cholesterol efflux, 
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leading to the formation of cholesterol crystals within atherosclerotic plaques 151,152. M2 

macrophages, specifically M (Hb) and Mhem subtypes, exhibit a higher expression of 

lysosomal ABCA1 and ABCG1 transporters, facilitating cholesterol efflux and 

maintaining lower lipid levels compared to foam cells. Different forms of cholesterol, 

such as Cholesteryl linoleate, interact with sphingosine-1-phosphate, influencing M1 

polarization through a TLR4/NF-���%-dependent mechanism 120,125,128,153,154. Conversely, 

substances like Cholesteryl 9-oxononanoate, conjugated linoleic acid, docosahexaenoic 

acid, and sphingosine-1-phosphate promote M2 polarization through the modulation of 

the TGF-�����V�L�J�Q�D�O�L�Q�J���S�D�W�K�Z�D�\�����G�H�P�R�Q�V�W�U�D�W�L�Q�J���D�Q�W�L-inflammatory potential and promoting 

the regression of atherosclerosis 155-159. 

In atherosclerosis, macrophages counteract cellular apoptosis through 

efferocytosis, efficiently clearing apoptotic cells and debris, resulting in reduced necrotic 

core size and resolves inflammation. "find-me" signals of early apoptotic cells includes 

lysophosphatidylcholine attracting phagocytes while suppressing "don't-eat-me" signals 

such as CD47 160. In humans, M2 macrophages in atherosclerotic plaques exhibit 

increase phagocytosis due to their opsonins and expression of phagocytic receptor 

�V�X�F�K���D�V���3�3�$�5�������0�L�5-33, M2c macrophages. Impaired lipid metabolism and increased 

CD47 contribute to reduced efferocytosis, exacerbating inflammation, macrophage 

apoptosis, and necrotic core formation 117,123,161-163. In the early stages of 

atherosclerosis, macrophage apoptosis is protective, reducing the number of resident 

cells and preventing post-apoptotic necrosis;  however, in advanced atherosclerosis, 

apoptotic macrophages become prominent in advanced plaques, particularly in 

proximity to the necrotic core 164. In unstable plaques, ER stress-induced macrophage 
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apoptosis plays a crucial role in necrotic core formation, potentially triggering 

inflammatory pathways that accelerate atherosclerosis. Additionally, various cell death 

pathways in macrophages, including ferroptosis, necroptosis, pyroptosis, and 

parthanatos, may contribute to plaque progression 165,166. 

The stability of atherosclerotic plaques hinges on the ECMs generated by 

VSMCs, while it remains vulnerable to destabilization and breakdown due to the action 

of MMPs (particularly MMP-2 and MMP-9) produced by macrophages. M1 

macrophages facilitate the expression of MMPs, including MMP-1, MMP-3, MMP-10, 

MMP-12, MMP-14, and MMP-25, via MAPK- and PI3K-dependent pathways. In 

contrast, M2 macrophages decrease MMP-2, MMP-8, and MMP-19 expression but 

enhance MMP-11, MMP-12, MMP-25, and tissue inhibitor of MMP type 3 levels. 

Destabilization and degradation of MMPs within plaques or the fibrous caps can lead to 

cap rupture from the endothelium, triggering thromboembolic events. Thus, the 

remodeling of the ECMs and cell surface through macrophage derived MMPs plays a 

critical role in shaping the outcomes of atherosclerotic cardiovascular diseases. The 

divergent consequences of activated M1 and M2 macrophages on MMP expression 

provide a potential means to control the stability of atherosclerotic plaques 145,167-173. 

Vascular calcification, a characteristic feature of atherosclerosis, shares mechanistic 

similarities with bone formation and occurs in both the intimal and medial layers of 

arteries. Factors within the plaque microenvironment, including inflammation, 

endoplasmic reticulum (ER) stress, osteoblastic differentiation, hyperlipidemia, and 

oxidative stress, contribute to calcification progression 174,175. M1 macrophages primarily 

drive microcalcification through processes like cell death induced by ER stress (ATF4), 
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pro-inflammatory cytokine secretion (protein kinase C, MAPK signaling pathway), and 

osteogenic trans-differentiation of VSMCs. However, this microcalcification lacks 

organized structures to stabilize the plaque and is associated with an increased risk of 

rupture. On the other hand, M2 macrophages facilitate macrocalcification by 

counteracting inflammation, promoting ECMs production, and enhancing VSMC 

osteoblastic differentiation 21,137,160,176-178. M2 macrophages promote anti-inflammatory 

cytokines, ECMs production, VSMC maturation, and accelerate plaque 

macrocalcification through enhanced VSMC osteoblastic differentiation. Furthermore, 

macrophage-secreted OSM may induce M2 polarization and VSMC calcification via the 

Janus Kinase (JAK)3-STAT3 pathway, contributing to atherosclerotic calcification. This 

type of macrocalcification is believed to form organized structures that contribute to the 

stabilization of atherosclerotic plaques 175,179. The transition of macrophages from M1 to 

M2 phenotype is proposed as a crucial factor in resolving the plaque microenvironment, 

characterized by high levels of inflammation, oxidative stress, and cholesterol, and in 

achieving regression or stabilization of atherosclerotic plaques. 

1.1.3 Vascular/ Atherosclerotic Calcification (A/VC)   

Vascular/ Atherosclerotic Calcification (A/VC) involves the abnormal buildup of 

calcium minerals in arterial walls, playing a significant role in the progression of 

atherosclerosis and influencing plaque stability 87,180-182. 

A/VC is the gradual accumulation of calcium nodules in the vasculature, or 

extraosseous, which plays a role in the development of hypertension and various 

vascular disorders 183. A/VC can be categorized into two types: medial and intimal 

calcification 184-186. Medial calcification (Mönckeberg) is predominantly seen in 
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individuals with diabetes or chronic kidney disease (CKD), resulting in structural 

alterations in the vessel wall and the deposition of calcium. These calcium deposits can 

occur in parallel with or independently of atherosclerosis and are commonly observed in 

arteries of all sizes. This process significantly contributes to hypertension and the 

development of associated cardiovascular diseases 187-189. Intimal calcification is largely 

associated with atherosclerosis and is influenced by factors such as low-grade chronic 

inflammation, oxidative stress, and mineral metabolism disorders commonly associated 

with metabolic syndrome. Progressive atheroma develops calcified nodules and is 

hallmark of advanced stages of atherosclerosis 187,188,190,191. Based on their size, 

calcified nodules can be classified into two types: macrocalcification (>0.5 mm) and 

�P�L�F�U�R�F�D�O�F�L�I�L�F�D�W�L�R�Q�����”���������P�P�������0�D�F�U�R�F�D�O�F�L�I�L�F�D�W�L�R�Q�����O�R�F�D�W�H�G���G�H�H�S���Z�L�W�K�L�Q���W�K�H���Y�D�V�F�X�O�D�W�X�U�H��

away from the lumen's blood flow, can be easily identified using advanced imaging 

systems. These nodules are surrounded by a thick fibrous cap and contribute to the 

stability of the plaque. On the other hand, microcalcification refers to invisible calcium 

deposits dispersed throughout the plaque, characterized by a thin fibrous cap within the 

lumen. Microcalcification is prone to rupture under increased blood flow and is 

associated with a higher risk of remaining undetectable by imaging techniques, making 

it strongly linked to plaque ruptures 192,193.  

At the cellular and molecular levels key contributors to A/VC are VSMCs, 

vascular endothelial cells (VECs) and macrophages. They can independently or in 

combination, as well as through trans-differentiation, play a significant role in the 

development of vascular calcification. In response to pro-osteogenic conditions 

(Inflammation, inorganic phosphates, oxidative stress, high glucose, ER stress, 
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mitochondrial dysfunction, impaired iron homeostasis, and cell death) VMCs undergo 

phenotypic switch or trans-differentiate to acquire osteoblastic phenotype and begin to 

deposit calcium within the vasculature 194-198.Osteoblastic VSMCs (O-VSMCs) display 

increased levels of Runx2, Bmp2, SOX9, Msx2, and Alp, with significant loss of 

calcification mineralization inhibitor genes. Alp plays a vital role in converting 

pyrophosphate to phosphate, which is crucial for the formation of hydroxyapatite 

crystals, resulting in ectopic mineralization and nucleation of crystals 199. VSMCs have 

the ability to adopt macrophage-like features, and macrophages themselves can 

differentiate into specific subpopulations that contribute to either pro-inflammatory or 

anti-inflammatory conditions, thereby supporting the osteoblastic properties of VSMCs 

to varying degrees 6,200-202.   

Lipoprotein contributing to calcification  �± Clinical studies establish a positive 

correlation between lipoprotein and its fractions with coronary artery calcification (CAC), 

while HDL demonstrates a negative correlation. Furthermore, computed tomography 

angiography (CTA) analysis reveals the involvement of apoB, HDL-P, and HDL in 

plaque composition, with apoB contributing to calcified plaques, HDL-P associated with 

larger non-calcified plaques, and larger HDL and pre-�������+�'�/���F�R�Q�W�U�L�E�X�W�L�Q�J���W�R���U�H�G�X�F�H�G��

calcification and stenosis but increased fibrotic tissue, collectively influencing plaque 

stability 203-205. Experimental studies have demonstrated that LDL, (including Enzyme-

modified non-oxidized LDL, OxLDL, and OxLDL-derived LysoPA), promote vascular 

calcification by inhibiting matrix Gla protein (MGP) and upregulating calcification-related 

genes (RUNX2, ALP, BMP-2, Osterix, Pit-1, BMP-2, and RANKL), both independently 

and in combination with phosphate. Treatment of human or murine aortic smooth 
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muscle cells (SMCs) with Native Lp(a) or 25-hydroxy cholesterol induces cell 

mineralization and pro-calcific protein expression through Notch1/NF-���%���V�L�J�Q�D�O�L�Q�J����

accompanied by the release of calcifying extracellular vesicles. Lipoprotein deficient 

serum (LPDS) reduces in-vivo calcium matrix, while SMCs from LDLR-/- mice exhibit 

lower intracellular cholesterol levels compared to control. Lp(a) also increases BMP-2, 

OPN, and RUNX2 expression, which can be attenuated by pre-incubation with an 

antibody against oxidized phospholipids (OxPL), and it is considered a marker for 

cardiovascular disease and the sole apoB-containing lipoprotein that transports OxPL 

206-209. Furthermore, Lipoprotein deficient serum (LPDS) treatment of murine-SMCs 

reduced in-vivo calcium matrix, while SMCs from LDLR-/- mice showed lower levels of 

cholesterol inside the cells compared to control 210. In late-stage atherosclerosis, HDL 

plays a protective role by inhibiting vascular smooth muscle cell (VSMC) trans-

differentiation, reducing alkaline phosphatase (ALP) activity, and inhibiting IL-���������,�/-6, 

and minimally oxidized LDL, thus preventing vascular calcification. Conversely, oxidized 

HDL (OxHDL) promotes vascular cell mineralization by increasing ALP activity and 

inducing the expression of osteogenic factors such as RUNX2, BMP-2, WNT5a, and 

Osterix 211-215. 

Inflammation contributes to calcification  �±  Chronic low-grade inflammation 

has emerged as a significant primary risk factor in cardiovascular diseases, metabolic 

disorders, aging, and age-related conditions. Elevated levels of pro-inflammatory 

cytokines and enzymes contribute to the progression of various diseases, including 

osteoporosis, Alzheimer's disease, atherosclerosis, type 2 diabetes mellitus, and 

chronic kidney disease. Inflammation-induced calcification primarily affects VSMCs  and 
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involves disruptions in mitochondrial function and iron homeostasis, which are now 

recognized as important drivers of cardiovascular pathologies 216-220. 

One prominent theory of vascular calcification suggests that inflammation 

triggers VSMC osteogenic remodeling, leading to hydroxyapatite deposition on blood 

vessels. This process involves increased expression of calcification-associated genes, 

formation of calcifying vesicles, and a decrease in mineralization inhibitory molecules. 

Inflammatory mediators such as TNF-�.���D�Q�G���,�/-�������S�U�R�P�R�W�H���D�Q���R�V�W�H�R�J�H�Q�L�F���S�K�H�Q�R�W�\�S�H���L�Q��

VSMCs, inducing the upregulation of genes associated with calcification 129,178,221-226. 

Osteogenic conditions in VSMCs can be mechanistically driven by endoplasmic 

reticulum stress and the unfolded protein response (UPR) pathways, including IRE1-

XBP1, PERK-�H�,�)���.-�$�7�)�����&�+�2�3�����$�7�)�������D�Q�G���,�5�(���.-ASK-JNK. These pathways directly 

influence plaque stability and progression 227,228. They modulate the expression of 

genes such as Runx2, Msx2, osteopontin, and osteocalcin, which are involved in 

osteogenic differentiation and mineralization. Conversely, downregulation of UPR genes 

(HSPA5, XBP1, ATF4, DDIT3, and ATF6) suppresses mineralization and VSMC 

osteogenesis 224,229-233. Additionally, ferroptosis, an iron-mediated cell death process, 

has been recently associated with VSMC calcification. The increased expression of 

HSPA5 and the rate-limiting enzyme GPX4, along with the upregulation of osteogenic 

markers, suggests a connection between ERS and ferroptosis in vascular calcification 

234,235. 

Inflamed VSMCs produce enzymes called TNAP and metalloprotease, which 

play a role in promoting calcification. TNAP hydrolyzes pyrophosphate, a mineralization 

inhibitor, leading to an increase in inorganic phosphate availability for hydroxyapatite 
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formation. Metalloprotease contributes to the growth of calcium phosphate crystals, 

further contributing to calcification in conditions such as vascular calcification and 

skeletal mineralization disorders 215,236,237. Osteogenic-VSMCs together with its ECMs 

remodeling, apoptosis, and elevated calcium and phosphorus levels, is involved in the 

development of VC, marked by expression of Runx2 and its downstream osteopontin, 

osteocalcin, and ALP. Furthermore, increased calcium (Ca2+) and phosphorus (Pi) 

metabolism in VSMCs promotes the expression of BMP2, Runx2, MSX2, and 

osteocalcin. While, increased intracellular accumulation of Ca2+ promoting the release 

and mineralization of matrix vesicles, apoptosis of VSMCs 200,238. 

Mitochondrial dysfunction on VC - Mitochondria, comprising 3-5% of VSMC 

volume and 2-6% of EC volume, play a crucial role in cellular processes maintained by 

calcium (Ca2+) and phosphate (Pi) levels 239,240. Ca2+- Pi imbalance results in 

mitochondrial dysfunction plays a significant role in vascular calcification (VC) as a 

response to calcium and phosphate overload, leading to senescent VSMCs  

transitioning into a pro-inflammatory state. VC or AS plaque calcification is an active 

process associated with mitochondrial dysfunction, oxidative stress, caspase activation, 

ATP depletion, mitochondrial depolarization, increased mitochondrial permeability 

transition pores, and ultimately, malfunction of mitochondria and cellular apoptotic death 

241-244. Mechanistically, impaired mitochondrial dynamics characterized by excessive 

fission or insufficient mitophagy leads to the impairment of mitochondrial membrane 

potential, increased frequency of mitochondrial permeability transition pore opening, 

and reduced oxygen consumption rate. This process is believed to be mediated by the 

NR4A1/DNA-PKcs/p53 pathway activation, which accelerates the transition of VSMCs 
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into an osteoblastic phenotype and promotes calcium deposition 245. Moreover, 

knockdown of VCAN (versican), a protein involved in ECMs regulation, has been shown 

to protect against mitochondrial dysfunction and prevent VSMC calcification in high 

glucose-treated human umbilical vein endothelial cells (HUVECs). This suggests that 

VCAN may play a role in mitigating mitochondrial dysfunction and its associated 

calcification in VSMCs 246. 

Phosphate and pyrophosphate in A/VC,  In vitro experiments on VSMCs 

indicate that the accumulation of calcium-phosphate deposits occurs when they are 

treated with an increased concentration of inorganic phosphate (IP). An increased 

concentration of serum phosphate acts as a risk predictor for vascular calcification, 

while inorganic phosphate at basal conditions is integral to cellular processes such as 

bone formation, nucleic acid synthesis, and energy metabolism 247,248. Impaired 

phosphate homeostasis results in passive mineralization of VSMCs through apoptosis 

or the induction of mineralization-associated transcription factors, including BMP-2 and 

Runx2/Cbfa1 75,249-255. Ectopic biomineralization of calcium-phosphate in soft tissues, 

such as blood vessels, is largely associated with pathological conditions like 

atherosclerosis and CKD, resulting in impaired vasculature contraction and relaxation, 

leading to morbidity and mortality 129,256. These calcium-phosphate salts are referred to 

as hydroxyapatite, including crystalline hydroxyapatite (Ca10(PO4)6(OH)), its precursor 

form amorphous calcium phosphate (Ca9(PO4)6nH2O), and octocalcium phosphate 

(Ca8H2(PO4)65H2O)). In the presence of stabilizers Mg2+ and ATP, Ca9(PO4)6nH2O 

accounts for the major composition of hydroxyapatite in soft tissues, while its 

aggregation with Ca3(PO4) and Ca6(PO4)4 results in crystalline hydroxyapatite 257. 
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These calcium nodules with higher affinity for the elastin and collagenase present of 

ECMs facilitate its ectopic accumulations in vasculature 249,258.  

The deposition of calcified nodules in soft tissues is categorized into calcinosis, 

dystrophic, and metastatic calcification, with calcinosis primarily observed in vasculature 

and connective tissues, dystrophic in necrotic tissue, and metastatic calcification in the 

serum 129,256.  Elevated serum/plasma phosphate levels (hyperphosphatemia) beyond 

the normal range of 0.81 to 1.45 mmol/L (2.5 to 4.5 mg/dL) have been implicated in the 

development of vascular calcification, while phosphate neutralizers shows promise in 

mitigating this process, highlighting their potential role in both the initiation and 

progression of calcification 129,259-261. transportation of phosphate at the cellular level is 

controlled by sodium-phosphate co-transporters (NaPi), which are principally identified 

as Type I, II, and III, with Type I (SLC17 or NaPi-I) mediating the transportation of 

organic and inorganic ions preferably over phosphate. Additionally, Type II (SLC34 or 

NaPi-II) and Type III (SLC20 or NaPi-III) are capable of transporting high-affinity 

�S�K�R�V�S�K�D�W�H���E�X�W���H�[�K�L�E�L�W���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�F�H�V���L�Q���W�K�H�L�U���D�I�I�L�Q�L�W�\���I�R�U���+���3�2���í���D�Q�G���+�3�2�����í��

ions 262-266. These co-transporters, specifically Type II and Type III, play a crucial role in 

maintaining phosphate homeostasis, with Type II predominantly expressed in the small 

intestine (NaPi-IIb) and renal proximal tubules (NaPiIIa) responsible for 95% of 

phosphate reabsorption, while Type III regulates membrane potential through the 

regulation of Pit 1 and 2. However, further research is necessary to fully understand the 

precise mechanisms of these phosphate homeostasis regulators in the context of 

atherosclerosis 267-271. 
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Pyrophosphate in A/VC , Calcium and phosphate levels in the plasma and 

extracellular fluids of mammals are normally saturated, requiring the production of 

inhibitors like pyrophosphate and proteins such as Matrix Gla Protein (MGP), Fetuin-A, 

and osteopontin to prevent spontaneous precipitation of calcium and phosphate 

249,251,258,272. MGP, mainly synthesized by VSMCs  and bone, plays a crucial role in 

inhibiting abnormal calcium accumulation through its Vitamin K-dependent 

carboxylation. Deficiency of MGP in mice results in spontaneous calcification of arteries 

and cartilage, while in patients with conditions like diabetes, hypertension, chronic 

kidney disease (CKD), uremia, and atherosclerosis, plasma levels of MGP are 

correlated with vascular calcification, along with other biomarkers such as phosphate, 

osteopontin, and FGF-23 273,274. The circulating plasma glycoprotein Fetuin-A, known for 

its calcium-binding and anti-inflammatory properties, plays a role in soft tissue 

calcification, but the relationship between serum Fetuin-A levels and vascular 

calcification remains uncertain 275-278. Sialic acid-rich glycoprotein, Osteopontin 

expressed by macrophages, EC, VSMCs and atherosclerotic plaque also regulates 

calcification, however its correlation with vascular calcification lacks sufficient scientific 

evidence 275,279-281.  

Vascular calcification in atherosclerosis involves VSMCs, macrophages, 

endothelial cells (EC), and fibroblasts. VSMCs have a protective mechanism to inhibit 

the formation of calcium-phosphate crystals through the expression of tissue-

nonspecific alkaline phosphatase (TNAP) and ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (eNPP1). However, the activation of the 

transcription factor Runx2/Cbfa1, induced by increased eNPP1 and TNAP activity in the 
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presence of calcium ions, compromises this protective effect, leading to enhanced 

calcification in response to phosphate 249,250,258,259,282-284. Macrophages respond to the 

plaque microenvironment by polarizing into two types: M1, which promotes 

inflammation, tissue damage, and TNAP activity, and M2, which supports tissue repair, 

cell proliferation, and eNPP1. When macrophages are co-cultured with VSMCs, they 

enhance VSMCs' ability to calcify by increasing TNAP activity and inducing matrix 

mineralization. Moreover, exposure of macrophages to phosphate induces M2-like 

characteristics, including arginine degradation through arginase 1, increased metabolic 

activity, higher antioxidant production, and anti-calcifying effects due to increased 

extracellular pyrophosphate availability 121,285-287. 

Endothelial cells in vascular calcification - Endothelial cells (ECs) are 

specialized, metabolically active cells that line blood vessels, acting as a crucial barrier 

and maintaining vascular balance. They play a vital role in defending against stress, 

signaling molecules, and preventing vascular calcification. ECs maintain vascular 

integrity through gaseous exchange and permeability. However, inflammation or 

oxidative stress disrupts this process, impairing the NO/CG/cGMP axis, reducing 

permeability, and diminishing NO production. This leads to endothelial cell dysregulation 

(EC-D) 8,288-295. The dysregulation, coupled with the accumulation of Ox-LDL or 

inflammatory cytokines in the subendothelial space, creates a pathological 

microenvironment that triggers alternative phenotypes in ECs, including endothelial-to-

mesenchymal transition (EndMT), VSMCs , and macrophages. These phenotypes are 

critical risk factors for CVD. Single-cell sequencing studies have identified distinct EC 

subtypes, such as EC1 expressing VCAM-1, EC2 with genes related to lipid transport, 
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and EC3 displaying lymphoid identity markers 296. Hyperglycemia-induced EC injury 

exacerbates the situation by increasing reactive oxygen species (ROS) levels, 

degrading tetrahydrobiopterin, reducing NO availability, and shifting endothelial nitric 

oxide synthase (eNOS) from a NO-producing enzyme to an O2-generating factor, 

thereby overriding its protective role. Interestingly, while EndMT is favorable for growth 

and differentiation during the embryonic stage, in adults, it contributes to hypertension 

and vascular diseases, including A/VC 297-301. 

In addition to the previously mentioned factors, vascular calcification is also 

mediated by osteocalcin, microRNAs, high phosphate levels, FGF23 signaling, oxidative 

stress, nitric oxide synthase (eNOS), and inflammation within endothelial cells (ECs) 299-

301. Immunofluorescent staining of calcified arteries reveals the colocalization of 

osteocalcin in ECs, suggesting its involvement in the process, which is believed to be 

modulated through mechanical stretching and the potential for osteogenic 

differentiation. MGP an inhibitor of ectopic calcification, when over expressed in 

Ins2Akita/+ mice limits pluripotent of ECs production and calcification of vasculature, 

through 49% increased expression of SOX2, Nanog, and Oct3/4�² in the aorta 301. 

Furthermore, overexpression MGP in Ins2Akita/+ mice limits endothelial cell 

pluripotency and reduces vascular calcification by upregulating the expression of SOX2, 

Nanog, and Oct3/4 in the aorta. While in SHR rats, EC secreted MMP2/9, which 

contribute to the osteogenic transformation of VSMCs  and deposition of calcium 

leading to vascular calcification 302.  Extracellular vesicles/exosomes released by 

endothelial cells contain molecules such as VCAN, Notch3, annexin, BMP, NADPH 

oxidase, and circRNA-0077930, promoting mitochondrial dysfunction and senescence 
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in VSMCs to advance vascular calcification 246,303-305. Additionally, endothelial cell-

derived microvesicles carrying specific microRNAs, including let-7 family members, 

contribute to plaque inflammation, while miR-126 upregulates SPRED1 to inhibit 

inflammation and protect against vascular calcification 306,307. 

The exogenous deposition of phosphate in ECs triggers inflammation, apoptosis, 

and the induction of an osteogenic phenotype through multiple mechanisms, such as 

the activation of the JNK/Pit-1 pathway and TNAP activity 256,308-315 

The calcitriol-PTH-FGF23-klotho pathway plays a crucial role in regulating 

phosphorus levels in the human body 314. PTH stimulates osteocytes to release FGF23 

through the activation of protein kinase A and Wnt signaling. Klotho and FGF23 work 

together to maintain the balance of calcium and phosphate 309,315. Additionally, klotho 

inhibits endothelial cell senescence by preventing the binding of nuclear factor-kappa B 

to nuclear DNA. Moreover, klotho enhances the excretion of phosphate in urine and 

inhibits the uptake of phosphate by VSMCs 313,316. 

VC is influenced by inflammation in ECs. EC dysfunction, characterized by 

inflammation, chemokine secretion, and adhesion molecule expression, leads to the 

upregulation of calcification-related genes in individuals with Diabetes mellitus (DM) 

through the activation of RAGE/NF-���%���V�L�J�Q�D�O�L�Q�J��289,302,317,318. In co-culture and 

conditional media experiments involving ECs, RANKL enhances the expression of BMP, 

which in turn induces RUNX2 and ALP, key factors in the calcification process. IL-6 

signaling pathway promotes ectopic calcification via the activation of ROR2/WNT5A 

pathway in a STAT3-dependent manner. Additionally, EC-secreted IL-8 inhibits VSMC 

OPN, thereby facilitating calcium deposition in the presence of uremic toxins. 
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Inflammatory cytokines, including IFN-�������,�/-���������D�Q�G���7�1�)-�.�����G�R�Z�Q�U�H�J�X�O�D�W�H���)�*�)�5����

expression and contribute to vascular calcification within the endothelial lining 311,319. 

EndMT plays a significant role in vascular calcification (VC). During this process, 

endothelial cells (ECs) lose their lineage markers (VE-cadherin and CD31) and acquire 

mesenchymal features ���.�6�0�$�����1-cadherin, calmodulin, and FSP-1), contributing to the 

pathogenesis of VC 319-322. While EndMT is a reversible process during embryonic 

development, its occurrence in adults is considered pathological 322-324. In VC, ECs may 

undergo osteogenic differentiation under various pathological conditions, modulating 

signaling pathways such as TGF-�����D�Q�G���%�0�3 323.  

In ECs, BMP stimulates activin receptor-like kinase (ALK)1/2/3/6, leading to the 

phosphorylation of Smad1/5/8 in association with Smad4 225,323,325. This complex 

translocates to the nucleus and regulates osteogenic genes. Mutations in the BMPI 

receptor ACVR1 are associated with ectopic calcification in fibrodysplasia ossificans 

progressiva (FOP) 326. Pro-inflammatory cytokines TNF-�.���D�Q�G���,�/-�������G�R�Z�Q�U�H�J�X�O�D�W�H���%�0�3��

receptor 2 (BMPR2) in aortic ECs, making them susceptible to osteogenic differentiation 

induced by BMP9. Additionally, reducing JNK signaling promotes EndMT. BMPR2 

integrates TGF-�����%�0�3���D�Q�G���(�&���L�Q�I�O�D�P�P�D�W�R�U�\���V�L�J�Q�D�O�V�����H�[�H�U�W�L�Q�J���S�U�R�W�H�F�W�L�Y�H���H�I�I�H�F�W�V���D�J�D�L�Q�V�W��

VC 225. In an investigation of animal model- and patient-derived tissues, the pro-

inflammatory cytokines TNF-�.���D�Q�G���,�/-�������G�R�Z�Q�U�H�J�X�O�D�W�H�G���%�0�3�5�����L�Q���D�R�U�W�L�F���(�&�V����

rendering ECs sensitive to osteogenic differentiation promoted by BMP9; furthermore, 

EndMT was promoted by reducing JNK signaling. BMPR2 integrates TGF-�����%�0�3���D�Q�G��

EC inflammatory signals, exerting protective effects on VC 225.  



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 31 

 

Matrix Gla protein (MGP)  acts as an inhibitor of BMP2, a key activator of the 

osteogenic transcription factor Runx2/Cbfa1. Activation of MGP by BMP4 acts as a 

negative feedback system to inhibit BMP2/4 signaling 301,327. Overexpression of MGP 

reduces BMP activation by suppressing ALK1 and VEGF, while MGP deficiency 

decreases atherosclerotic lesion development by reducing endothelial adhesion 

molecule expression and inflammatory cell infiltration. SOX2, an embryonic endothelial 

marker, participates in osteogenic differentiation through BMP4 signaling 301,323,328. 

Inhibition or deletion of SOX2 impairs EndMT and BMP/SOX2/Notch signaling 323,329,330. 

Additionally, SOX2 mediates the activation of serine proteases, essential for EndMT, 

leading to elastin degradation and upregulation of osteogenic transcription factors 

(Cbfa1 and osterix) in VSMCs 301,323,328-330 

Apoptosis mediated vascular calcification �± Atherosclerotic calcifications 

involve cell death pathways such as apoptosis, necrosis, autophagy, and pyroptosis, 

which impact the stability of plaques and the formation of mineralized deposits. In this 

context, atherosclerosis and VC are characterized by increased vascular compliance, 

posing a risk of plaque rupture and thrombosis. VC is initiated through matrix vesicles 

(MVs) resembling bone formation, leading to the development of bone-like cells and 

contributing to microcalcification within arterial walls, including arteries and heart valves. 

Notably, calcification in the media layer of blood vessels serves as a predictive factor for 

future cardiovascular events, even in asymptomatic patients 75,331. VSMCs  release ABs 

and MVs with BAX proteins, allowing calcium accumulation through the AB membrane 

75. PS exposure facilitates hydroxyapatite deposition. NP-40 permeabilization prevents 

calcium accumulation. Early-stage phagocytes engulf ABs, but aging nodules lack 
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efficient phagocytes, promoting calcium crystal growth 75,77,332. VSMC MVs carry fetuin-

A and MGP as calcification inhibitors. Fetuin-A-loaded MVs bind and stabilize minerals, 

preventing lesion expansion. Macrophages uptake fetuin-A particles via scavenger 

receptor-AI/II. Long-term MV exposure to calcium and phosphate induces Annexin-PS 

complex formation, further mineralizing ECM components. Microcalcification 

accumulation causes large calcifications. Microcalcification accelerates plaque rupture 

under vulnerable plaques, while large calcification maintains stability under fibrous caps 

76,333-336. 

In VC, pyroptosis  plays a significant role. VSMCs express bone formation-

related transcription factors, such as Msx2, Runx2, and Osterix, in response to 

calcification stimulators like inflammatory factors, high phosphorus, and high glucose 

337,338. Pharmacological or genetic inhibition of NF-���%���1�/�5�3�����R�U���3�,���.-AKT/ERK/NF-

���%���1�/�5�3�����L�Q�I�O�D�P�P�D�W�R�U�\���S�D�W�K�Z�D�\���H�I�I�H�F�W�L�Y�H�O�\���L�Q�K�L�E�L�W�V���Y�D�V�F�X�O�D�U���D�Q�G���D�R�U�W�L�F���Y�D�O�Y�H���L�Q�W�H�U�V�W�L�W�L�D�O��

cells calcification respectively 339-341. Furthermore, high glucose levels can increase IL-

�������S�U�R�G�X�F�W�L�R�Q���W�K�U�R�X�J�K���W�K�H���$�N�W���5�2�6���1�/�5�3�����F�D�V�S�D�V�H-1/IL-�������D�[�L�V�����O�H�D�G�L�Q�J���W�R���W�K�H��

expression of bone-related matrix proteins (ALP, OPN, OCN) in VSMCs 338,339,342,343. 

Inhibiting NLRP3 inflammasome activation and reducing IL-�������V�H�F�U�H�W�L�R�Q���F�D�Q���D�P�H�O�L�R�U�D�W�H��

insulin resistance and VC, highlighting the importance of the NLRP3 inflammasome-

dependent system in hyperglycemia and VC.  

Autophagy -lysosomal function , mitochondrial dysfunction, and the release of 

MVs and MDVs play intricate roles in the development and progression of vascular 

calcification. VSMCs mediate MVs contain enzymes and play a role in hydroxyapatite 

formation in the ECM. In osteoblasts, calcium containing MVs are transported through 
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lysosomes and released, promoting mineralization with calcium and phosphate 

precursors. Calcium phosphate-induced autophagy involves the co-localization of 

precipitates with ubiquitin, p62, and LAMP1. Nano-hydroxyapatite internalization by 

VSMCs disrupts lysosomal function, impairs autophagy, and triggers the release of 

calcium-containing exosomes into the ECM, which aggregate and act as nucleation 

sites for microcalcifications in VC 344-350. Moreover, mitochondrial dysfunction and 

reduced autophagy levels in VSMCs contribute to vascular calcification, while 

metformin-induced mitochondrial biogenesis improves this condition through mitophagy. 

On the other hand, lactate worsens VC by impairing mitophagy mediated by BNIP3. 

Additionally, mitochondria in calcifying skeletal cells release calcium- and phosphate-

rich vesicles called mitochondrial-derived vesicles (MDVs), which can be engulfed by 

autophagosomes or taken up by lysosomes for degradation or release. However, the 

role of MDVs released by VSMC mitochondria in calcification is still not fully understood. 

245,351-353.  

Ferroptosis,  Excessive iron accumulation plays a crucial role in the progression 

of AS and VC through oxidative stress, inflammation, impaired endothelial nitric oxide 

synthase (eNOS) production, increased levels of ROS, and enhanced adhesion and 

migration of monocytes 354. This iron overload also upregulates inflammatory factors 

such as TNF-�.�����,�/-���������,�/-23, IL-10, IL-6, and TGFb, worsening atherosclerotic lesions in 

human and animal models 355-358. In addition, iron overload in mouse aortic endothelial 

cells treated with ox-LDL leads to mitochondrial shrinkage, reduced expression of 

SLC7A11 and GPX4, increased lipid-ROS and MDA levels, as well as upregulation of 

ICAM1, VCAM1, E-selectin, and MCP-1 355. However, the ferroptosis inhibitor 
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ferrostatin-1 (Fer-1) can counteract these effects by downregulating adhesion 

molecules, upregulating eNOS, inhibiting iron accumulation and lipid peroxidation, and 

restoring SLC7A11 and GPX4 expression, thereby alleviating AS lesions in high-fat diet-

�I�H�G���$�S�R�(�í���í���P�L�F�H��359. Moreover, excess iron affects macrophages and VSMCs 

differently. It promotes foam cell formation, macrophage polarization, and inhibits 

ceruloplasmin levels in macrophages, contributing to plaque instability through 

accelerated lipid oxidation 357,360,361. In VSMCs, iron overload induces a prooxidant 

environment, leading to foam cell formation, plaque vulnerability, and calcification via 

ROS generation and increased IL-24 expression. Targeting SLC7A11 or activating 

NRF2 in VSMCs can induce ferroptosis or enhance antioxidant capacity, respectively, 

mitigating vascular calcification by reducing ROS-mediated lipid peroxidation-induced 

cell damage 362-365. 

Genes associated with vascular calcification - Invitro studies indicate that 

VSMCs can transdifferentiate into osteo/chondrocytic-like resembling osteoblasts and 

chondrocytes. This transformation involves the expression of key transcription factors 

such as Sox9, Cbfa1, Msx2, and BMP2. Cbfa1 is responsible for inducing hypertrophic 

chondrocytes, Msx2 plays a critical role in cranial bone development, and Sox9 acts as 

a master regulator of cartilage differentiation. These transcription factors regulate the 

expression of specific downstream targets including osteopontin (OP), BSP, BGP, COLI 

(regulated by Cbfa1), BGP (regulated by Msx2), and aggrecan (AGG) and COLII 

(regulated by Sox9), which are associated with osteogenesis and cartilage formation. 

Notably, Cbfa1 expression has been observed in VSMCs and the calcified aorta of MGP 

KO mice, while Msx2 has been found to modulate vascular contraction and relaxation to 
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mitigate hypertension. Furthermore, SOX9 has been shown to be upregulated in the 

plaque area. These findings provide valuable insights into the cellular and molecular 

mechanisms involved in VSMC transformation and their potential relevance to vascular 

calcification 82,366-368.  

Sox9, a master regulator of cartilage differentiation, is found upstream of Cbfa1 

in chondrocytes, noncalcified arteries, and calcified arteries, indicating its potential 

involvement in regulating the expression of shared matrix components, such as AGG, in 

both vascular and cartilage tissues. The co-expression of COLII and Sox9 in calcified 

VSMCs, which typically do not express both markers, suggests that the differentiation of 

VSMCs in the presence of calcification may be influenced by TGFb signaling within the 

plaque region 366. Recent studies have revealed a connection between SOX9 and 

various vascular pathologies, including arterial plaque, stenosis, and aortic tissue 

�F�K�D�Q�J�H�V�����S�D�U�W�L�F�X�O�D�U�O�\���L�Q���$�S�R�(�í���í���P�L�F�H���R�Q���D���Z�H�V�W�H�U�Q���G�L�H�W�����7�K�H���X�S�U�H�J�X�O�D�W�L�R�Q���R�I��SOX9 

within the plaque region is associated with increased expression of Col2a1, Acan, and 

Runx2 genes. This observation suggests that the transition from a contractile phenotype 

to a synthetic or osteogenic phenotype in vascular cells is linked to SOX9 and occurs 

independently of the CArG box, a regulatory DNA sequence involved in contractile gene 

expression. This transition is likely mediated by PDGF-BB and TGF-���������S�U�R�P�R�W�L�Q�J��

alterations in the ECM and calcification processes 368,369. Furthermore, VSMCs 

�S�K�H�Q�R�W�\�S�L�F���V�Z�L�W�F�K���P�H�G�L�D�W�H�G���E�\���3�,���.�����D�Q�G���+�0�*�%�����I�D�F�L�O�L�W�L�H�V���Q�H�R�L�Q�W�L�P�D���I�R�U�P�D�W�L�R�Q���D�Q�G��

Transplant arteriosclerosis (TA), a major cause of graft failure. Genetic knockdown or 

�S�K�D�U�P�D�F�R�O�R�J�L�F�D�O���L�Q�K�L�E�L�W�L�R�Q���R�I���3�,���.�����S�U�R�P�R�W�H�V���9�6�0�&�V���F�R�Q�W�U�D�F�W�L�O�H���S�K�H�Q�R�W�\�S�H���D�Q�G��

protects against TNF-�.-induced proliferation/migration by reducing SOX9 expression, 
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restoring Myocardin and SRF interactions that drive the contractile phenotype. HMGB1 

on the other hand leads to the degradation of p27Kip1 and the subsequent induction of 

Sox9 expression, while p27Kip1 bound to Sox9 promoter, in conjunction with the 

p130/E2F4 complex, inhibits Sox9 transcriptional expression. HMGB1-mediated 

autophagy activation disrupts this inhibitory interaction, resulting in enhanced Sox9 

expression and contributing to VSMC phenotypic changes 370,371. Importantly, in the 

absence of Notch ligand Jag1, VSMCs may acquire a transcriptional profile resembling 

chondrocytes, potentially leading to abnormal ossification processes. Sclerotome 

derived VSMCs dependent on a transcriptional switch that occurs between mouse 

embryonic days 13 and 14.5. This switch involves the repression of sclerotome 

transcription factors Pax1, Scx, and Sox9, which is mediated by Notch/Jag1 signaling. 

By antagonizing these transcription factors, Notch signaling promotes the upregulation 

of contractile genes and facilitates VSMC maturation 372. 

Runx2 / Cbfa1, The origin and significance of Cbfa1-positive cells in the 

vasculature, particularly in calcified areas, remain unclear. These cells exhibit distinct 

marker expressions (ALK, BSP, BGP, and COLII), and are associated with the 

osteo/chondrogenic phenotype of VSMCs. Interestingly, some Cbfa1-positive cells in 

�W�K�H���F�D�O�F�L�I�L�H�G���D�R�U�W�D���G�R���Q�R�W���H�[�S�U�H�V�V���.-SM actin, suggesting the presence of a separate 

mesenchymal cell population, potentially including stem cells, within the calcified 

vasculature, indicated by the presence of Cbfa1-�S�R�V�L�W�L�Y�H�����.-SM actin�±negative cells in 

the VC 366,373. osteo/chondrogenic reprograming of VSMCs are regulated by various 

factors discussed below. Oxidative stress triggers an increase in Runx2 levels and 

activates pro-osteogenic signals such as AKT, MAPK, and BMP2 pathways, which are 
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implicated in VSMC calcification. Inhibiting AKT signaling prevents oxidative stress 

induced Runx2 upregulation and VSMC calcification, while AKT activation leads to 

increased Runx2 levels by inhibiting its degradation through enhanced phosphorylation 

and exclusion of FoxO1/3 from the nucleus. The AKT/FoxO1/3 pathway, along with 

SUMOylation regulated by AMP kinase alpha1, contributes to the osteogenic 

transcriptional activity of Runx2 in VSMC calcification 373-376. 

In vitro, the osteo/chondrogenic reprogramming of VSMCs is mediated by 

RUNX2 through various mechanisms, including phosphorylation and PARylation, in 

�U�H�V�S�R�Q�V�H���W�R���W�U�H�D�W�P�H�Q�W���Z�L�W�K���L�Q�R�U�J�D�Q�L�F���S�K�R�V�S�K�D�W�H�����1�D���+�3�2���������K�L�J�K���S�K�R�V�S�K�R�U�X�V������-

glycerophosphate), or vascular injury 373,377-379. VSMCs treated with inorganic 

phosphate exhibit increased expression of MALAT1 and decreased expression of miR-

30c, suggesting the protective role of miR-30c in vascular calcification by regulating the 

MALAT1-miR-30c-Runx2 axis. Overexpression of MALAT1 promotes VSMC 

�F�D�O�F�L�I�L�F�D�W�L�R�Q�����X�S�U�H�J�X�O�D�W�H�V���5�X�Q�[�������D�Q�G���G�R�Z�Q�U�H�J�X�O�D�W�H�V���.-SMA expression, which can be 

mitigated by upregulating miR-30c and further reversed by upregulating Runx2 379. The 

H19/miR-103-3p/Runx2 axis influences osteogenic differentiation of VSMCs during 

calcification, with high phosphorus treatment upregulating H19, inhibiting miR-103-3p, 

and promoting the expression of osteoblast-specific markers (BMP-2 and OPN) through 

targeting Runx2. increased expression of H19, Runx2, and OSX, further contributing to 

the osteogenic differentiation process through the modulation of p38 MAPK and ERK1/2 

signal transduction pathways 378,380.  

In the context of vascular injury, RUNX2 plays a critical role in promoting repair 

processes by activating miR-23a and inhibiting TGFBR2. This activation involves direct 
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binding of RUNX2 to the promoter region of miR-23a, resulting in decreased immune 

cell infiltration, VSMC apoptosis, and increased collagen content 381,382. Downregulation 

of Cdon, inactivation of the ERK1/2-RUNX2 pathway, or Cdon Ig2 domain mutations 

protect against vascular pathology in VSMCs of patients with atherosclerosis, aortic 

stenosis, and in mouse models of calcification. Cdon, a negative regulator of Wnt 

signaling, in VSMCs leads to arterial stiffness, calcification, osteo/chondrogenic 

differentiation, and impaired Wnt pathway 383. Metformin protects against vascular 

calcification by promoting autophagic degradation of Runx2 via p62, reducing Runx2 

nuclear localization. Knockdown of Atg3 abolishes metformin's protective effects, and 

there is enhanced interaction between p62, Runx2, and LC3. Runx2, triggered by DNA 

damage and PARylation facilitated by ATM and PARP, is involved in osteo/ 

chondrogenic reprogramming of VSMCs, leading to increased expression of bone-

related genes and localization at DNA damage sites. Additionally, Runx2 co-localizes 

�Z�L�W�K�����+���$�;���L�Q���F�D�O�F�L�I�L�H�G���D�U�W�H�U�L�H�V�����S�U�R�P�R�W�L�Q�J���R�V�W�H�R�J�H�Q�L�F���J�H�Q�H�V���D�Q�G���I�D�Y�R�U�L�Q�J���D�S�R�S�W�R�V�L�V��

over DNA repair through the retention of phosphorylated tyrosine 142 on H2AX 

373,377,384. 

BMP Signaling : The bone-vascular axis study suggests that A/VC closely 

resembles bone formation, with alkaline calcium phosphate minerals, including 

hydroxyapatite crystals, being deposited in the vascular wall, similar to bone 

composition. Proteins like RANK/RANKL/OPG, BMPs, Runx2, OSX, fetuin-A, and MGP, 

which connect bone and blood vessels, play significant roles in vascular calcification. 

Furthermore, studies indicate an inverse relationship between bone mineral density and 

atherosclerosis, with osteoporosis patients exhibiting a higher susceptibility to aortic and 
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carotid calcification 385-388. BMPs, belonging to the TGF-�����S�U�R�W�H�L�Q���I�D�P�L�O�\�����E�L�Q�G���W�R���9�6�0�&��

and EC receptors, promoting calcification, progenitor cell recruitment, osteogenesis, 

EndMT, and VSMC calcification during vascular calcification and in situ bone 

development. Receptor complexes (type I: ALK2, ALK3, ALK6; type II: BMPR2, 

ACVR2A, ACVR2B) mediate signal transduction. Ligand binding leads to 

phosphorylation of type I receptors by type II receptors, activating SMAD-dependent/ 

independent pathways. R-SMADs (R-SMAD1, R-SMAD5, R-SMAD8) complex with 

SMAD4 and translocate to the nucleus, regulating gene transcription in a SMAD-

dependent manner. Additionally, BMP-SMAD independent pathways (ERK, JNK, and 

p38 MAPK) modulate apoptosis, epithelial-mesenchymal transition, cell migration, 

proliferation, and differentiation 389-393. 

BMPR1A and BMPRII are critical receptors in VSMCs, essential for their 

response to BMP2 and the induction of osteogenic differentiation. The activation of the 

BMP2-Smad1/5/8 signaling pathway leads to upregulation of OSX, Runx2, and ALP. 

BMP2 is implicated in atherosclerotic calcification (OSX, Runx2, and ALP). Alteration of 

VSMC markers (SM22a and SM a-actin), VSMC apoptosis, ROS production, and 

inflammatory responses, while Inhibition of BMP2 expression reduces VSMC 

osteogenic differentiation (MSX2, ALP, and OPN), and mineralization. Inhibiting BMP2 

expression in a CKD mouse model reduced VSMC osteogenic differentiation and 

mineralization, suggesting the involvement of endogenous BMP2 in VSMC osteogenic 

differentiation and IL-6-induced calcification. Additionally, BMPR1A serves as a high-

affinity receptor, promoting vascular calcification and facilitating VSMC 

transdifferentiation into osteoblasts or chondrocyte-like cells 394-401. 
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While use of BMP antagonists (LDN-193189, BMPRIA-Fc) also reduced vascular 

calcification and improve survival in MGP-knockout mice, while MGP overexpression 

inhibits the BMP signaling pathway through reduction of BMPR I receptor expression, 

�W�K�H�U�H�E�\���G�H�F�U�H�D�V�L�Q�J���Y�D�V�F�X�O�D�U���F�D�O�F�L�I�L�F�D�W�L�R�Q���L�Q���$�S�R�(�í���í���N�Q�R�F�N�R�X�W���P�L�F�H�����'�R�U�V�R�P�R�U�S�K�L�Q��

homologous 1 and Gla Rich Protein (GRP) inhibit BMP-2-induced VSMC osteoblastic 

differentiation, reducing calcification and bone/cartilage gene expression by suppressing 

SMAD1/5/8 phosphorylation 367,396,402-404.  

The genes MSX1 and MSX2 have important roles in the development of the 

face, cardiac cushions, and breasts during embryonic stages. In adults, msx2 is 

expressed by intimal VSMCs and microvessels, but significantly upregulated in aortic 

valve and vascular myofibroblasts during diet-induced diabetes, suggesting its 

involvement in vascular calcification. Manipulating the activity of msx2 through 

inhibition, stimulation, or overexpression, whether by atherogenic agents or genetic 

methods, promotes vascular calcification and activates Wnt-dependent programs that 

regulate the development of bone-forming cells. Furthermore, the functions of Msx1 and 

Msx2 have been found to differ, as Msx1 primarily supports the expression of Shh, while 

Msx2 is more involved in the expression of Wnt5a and Wnt2 82,405. Alternative, MSX1/2 

promote transcriptional activation of MDM2 by binding to its promoter, resulting in 

enhanced MDM2 E3 ligase during vascular calcification 406. These findings highlight the 

distinct contributions of Msx1 and Msx2 to the activation of Shh-Wnt, MDM2 signaling 

pathways, ultimately influencing the osteogenic development of progenitor cells in the 

vessel walls. 
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Signaling pathways in vascular calcification - In vascular calcification, 

molecular signaling pathways play a significant role, including those involved in bone 

formation such as GATA6, BMP2, RUNX2, osteopontin, and osteocalcin. Additionally, 

various pathways including PGC-���.�����$�K�5���1�)-���%�����1�U�I�������+�2-1, MAPK, Notch, autophagy 

effectors, and microRNAs have been implicated in the progression of vascular 

calcification407. 

In vascular calcification, the BMP-RUNX2 axis relies on the binding of BMP to its 

receptor BMPR1A. ILF3 plays a role in enhancing BMP2 expression by modulating its 

promoter alongside the STAT1 promoter. SIRT6 binds to Runx2, deacetylates it, and 

inhibits the osteoblastic differentiation of VSMCs. The upregulation of Runx2 is 

mediated by FOXO1 through NFATc3, while BMP2 acts upstream of RUNX2 to promote 

calcification in VSMCs. Additionally, microRNA-133a and miR-204 have been identified 

as regulators that can downregulate Runx2 expression in the presence of BMP-induced 

vascular calcification404,408-414. 

�:�Q�W����-catenin signaling pathway , the degradation of PLD1 and regulation of 

autophagosome formation are promoted by the Wnt inhibitor Dickkopf1, resulting in the 

alleviation of vascular calcification (VC). The miR-126/Klotho/SIRT1 axis controls 

phosphate-�L�Q�G�X�F�H�G���F�D�O�F�L�I�L�F�D�W�L�R�Q���E�\���P�R�G�X�O�D�W�L�Q�J���W�K�H���:�Q�W����-catenin signaling pathway. 

While under hypoxic condition BCL9, regulate and induce osteogenic transformation of 

human dental pulp stem cells 415-417.  

AMPK signaling pathway, specifically AMPK/TIMP4 cascade in VSMCs, is 

involved in VC progression. Knockdown of AMPK reversed the anti-calcification effects 

of metformin, resveratrol, and exendin-4, while inhibition of AMPK-mediated cell death 
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was observed in aldosterone-induced VC. Downstream molecules, including mTOR, 

OPA1, INSIGs, DAPK3, and MOTS-c, are being investigated for their role in VC 

regulation via the AMPK pathway 418-427.  

The PI3K-AKT signaling pathway, which plays a crucial role in the regulation of 

vascular calcification (VC), is involved in various aspects of VC pathogenesis. Inhibition 

of PI3K activity blunts the inhibitory effect of intermedia on VC, while activation of the 

PI3K-AKT pathway by glucagon-like peptide-1 influences the transformation of VSMCs 

into osteoblasts and promotes calcification 428-430. Furthermore, the PI3K-AKT pathway 

is implicated in the induction of ferroptosis in cancer cells, where key molecules such as 

mTOR, Nrf2, and p53 are modulated through this pathway, highlighting their significant 

roles in both ferroptotic response and VC. Additionally, the Nrf2/HO-1 signaling pathway 

is associated with VC and ferroptosis, and recent studies have revealed the potential of 

metformin to mitigate VC by exerting anti-ferroptotic effects 431,432. 

The NF-���%���V�L�J�Q�D�O�L�Q�J���S�D�W�K�Z�D�\���S�O�D�\�V���D���U�R�O�H���L�Q���9�&���U�H�J�X�O�D�W�L�R�Q�����Z�L�W�K���6�,�5�7�����U�H�G�X�F�L�Q�J��

NF-���%���D�F�W�L�Y�L�W�\���W�R���S�U�H�Y�H�Q�W���V�H�Q�H�V�F�H�Q�F�H���D�Q�G���R�V�W�H�R�J�H�Q�L�F���W�U�D�Q�V�L�W�L�R�Q���L�Q���9�6�0�&�V�����9�&���F�D�Q���E�H��

influenced by various mechanisms, including exposure to atmospheric PM2.5, which 

activates the OPG/RANKL pathway and stimulates inflammatory responses and ROS 

generation, contributing to VC incidence 433-435. MicroRNAs, such as RCN2 and miR-

223-3p, are involved in VC modulation, with RCN2 promoting VC through a feedback 

loop involving STAT3 and miR-155-5p, while miR-223-3p targets the IL-6/STAT3 

pathway to inhibit VC. Additionally, exosomes derived from VSMCs regulate VC by 

utilizing miRNAs, like miR-92b-3p, to decrease KLF4 expression and inhibit VC 436-438. 
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1.2 Comprehensive Insights into SMYD Proteins: Characteristics, Functions, 

and Significance Across Diverse Biological Contexts  

The SMYD family proteins, namely SMYD1, SMYD2, SMYD3, SMYD4, and 

SMYD5, play crucial roles in various biological processes, including cell cycle 

progression, chromatin regulation, transcription, embryonic development, and disease 

progression, such as different types of cancer. These proteins are classified as 

Su(Var)3�±9, Enhancer-of-zeste, Trithorax (SET) domain-containing proteins, and 

Myeloid, Nervy, and DEAF-1 (MYND) domain-containing proteins 439-445, and are known 

to methylate both histone and non-histone proteins. Recent studies conducted in our 

laboratory have uncovered their previously unknown involvement in atherosclerosis-

associated cardiovascular disease and DSS-induced colon colitis, thereby expanding 

our understanding of their functional significance in disease contexts 444,446,447 448-454 

SMYD Structure - The SMYD protein family displays structural and functional 

diversity through specific domains (SET, MYND, SET-I, post-SET, and C-terminal), with 

conserved SET and MYND domains involved in lysine methylation and protein-protein 

interaction 455-460. SMYD1-3 exhibit similarity, while SMYD4/5 differ with the presence of 

an N-terminal TRP domain and absence of a C-terminal domain. Despite variations in 

amino acid sequence and domain distribution, the orientation and spacing of domains 

between the N- and C-terminal contribute to functional differences among SMYD1-3 

461,462. For example, SMYD3 has a closed conformation due to the C-terminal domain, 

blocking H3K4 access, while SMYD1 has an open arm-like structure with complete 

access to the active site. SMYD2 narrows the cervices between the arm without altering 

the constant N-terminal lobe shared by SMYD1, 2, and 3 461,462. The C-terminal domain 
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acts as a hinge that regulates active site accessibility. The interaction between HSP90, 

SMYD2, and histone methylation suggests that HSP90 may disrupt the inhibitory effects 

of the C-terminal domain, uncovering the active site 444,461-463. Additionally, the binding 

between p53 (mono-methylation at Lys370) and SMYD2 involves the positioning of p53 

between the SET domain's anti-parallel beta-sheets and the C-terminal domain's 

tetratricopeptide sequence. The EDEE motif on the SET domain forms a hydrogen bond 

network with the C-terminal domain, stabilizing the interaction 443.  

Despite structural resemblance, SMYD family proteins significantly differ in their 

functions, expression patterns, and regulatory mechanisms. For instance, SMYD1 is 

crucial for embryonic development as it methylates H3K4 in cardiac and skeletal muscle 

tissue. Its absence leads to defects in right ventricle formation, impaired cardiomyocyte 

maturation, and disrupted skeletal myofiber development and gene expression 464,465. In 

contrast, SMYD2 and SMYD3 selectively methylate H3K4 and promote transcription 

without affecting the overall H3K4 methylation pattern 439. SMYD1 interacts with HDACs 

to suppress transcription, while SMYD2's methylation of H3K36 and interaction with 

Sin3A repress transcription and inhibit cell proliferation 440,444,464. SMYD3 plays a role in 

cancer progression by interacting with RNA polymerase complex and activating genes 

associated with cell cycle and oncogenes 462,466-469. SMYD4 functions as a tumor 

�V�X�S�S�U�H�V�V�R�U���E�\���L�Q�K�L�E�L�W�L�Q�J���3�'�*�)�5�.���L�Q���E�U�H�D�V�W���F�D�Q�F�H�U���F�H�O�O�V�����D�Q�G���L�W�V���O�R�V�V���H�Q�K�D�Q�F�H�V��

�3�'�*�)�5�.���H�[�S�U�H�V�V�L�R�Q�����S�U�R�P�R�W�L�Q�J���W�X�P�R�U�L�J�H�Q�H�V�L�V�����,�W���D�O�V�R���S�D�U�W�L�F�L�S�D�W�H�V���L�Q���H�P�E�U�\�R�Q�L�F��

development and muscle maturation 470-472. SMYD5 is involved in inflammation, 

embryogenesis, and chromatin stability through the deposition of H4K20me3 on pro-

inflammatory gene promoters and regulation of chromosomal heterochromatin state 
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during embryonic stem cell differentiation and self-renewal 473-476. These findings 

highlight the diverse roles of SMYD family members in various biological processes, 

demonstrating their distinct functions and regulatory mechanisms.  

 
Figure 1 -1 Structural Diversity in SMYD Family proteins.  
 
CTD (TRP) Domain: C-Terminal Domain with Tryptophan (TRP) residues; S 

Domain: S-adenosylmethionine (SAM) Binding Domain; MYND Domain: Myeloid-Nervy-
DEAF1 (MYND) Zinc Finger Domain; SET-I Domain: Su(var)3-9, Enhancer-of-zeste, 
Trithorax (SET) Insertion Domain; ET Domain: Enhancer-of-Trithorax and Polycomb 
(ET) Domain; Post-SET Domain: Post-SET Su(var)3-9, Enhancer-of-zeste, Trithorax 
(SET) Domain; CTD (TRP) Domain (again): C-Terminal Domain with Tryptophan (TRP) 
residues (repeated). 

 

In summary, the SMYD family proteins (SMYD1-5) play crucial roles in various 

biological processes, because of unique structural and functional characteristics, and 

conserved lysine methylation and protein-protein interaction domains. SMYD1 is 

important for embryonic development, while SMYD2 and SMYD3 are involved in 

transcription regulation and tumor progression. SMYD3 is implicated in cancer 

progression, and SMYD4 functions as a tumor suppressor. SMYD5 is associated with 

inflammation, embryogenesis, and chromatin stability. Detailed information and findings 
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regarding these proteins' functions and mechanisms are discussed further in this thesis, 

highlighting their significance in disease contexts. 

1.2.1  SMYD 1 

SmyD1, a SET domain-containing protein, is primarily known for its involvement 

in cardiac development and myofibril architecture. While its alternative functions, such 

as its role in ER-stress and neuronal diseases, have received limited attention, further 

investigations are needed to fully comprehend the diverse roles played by SmyD1 in 

various biological processes. And is critical in myofiber maturation and organization in 

skeletal and cardiac muscles, contributing to sarcomere assembly, muscle cell 

differentiation, and cardiac function. Deletion of Smyd1 uncovers its diverse roles in 

cardiac and skeletal muscle, as well as its implications in myogenic development, 

endothelial angiogenesis, neurological disorders, and endothelial dysfunction. 

Understanding SmyD1's functions is vital for addressing related pathological conditions 

465,469,477-491,480,482,483,487,490,492-499.  

SMYD1 in skeletal and cardiac muscles plays an important role in maturation and 

organization of myofibers. It two isoforms, SmyD1a and SmyD1b generated through 

alternative splicing are vital for the contraction and development of muscles in zebrafish 

embryos. Knockdown of SmyD1a and SmyD1b using morpholino antisense oligos leads 

to impaired muscle function, resulting in the inability to swim and the absence of a 

heartbeat. Disruptions in SmyD1a and SmyD1b expression cause severe abnormalities 

in myofibril organization, characterized by immature fibers with centrally located nuclei. 

Comparatively, SmyD1b facilitates expression of myosin heavy-chain proteins, the 

organization of sarcomeres in craniofacial and cardiac muscles, and the muscle-specific 
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stress response. The study of smyd1-gfp transgenic zebrafish has shown that SmyD1 

expression is stronger in slow muscles and present in cranial and fin muscles. This 

finding recapitulates the function of endogenous smyd1, which is controlled by a specific 

0.5-kb sequence within the promoter region and is essential for its muscle specificity. 

Overall, these findings underscore the vital contribution of SmyD1a and SmyD1b in the 

maturation and organization of myofibers during muscle development 469,478,479.  

In sarcomeres assembly, SMYD1 is localizes at the sarcomeric M-line and 

nucleus, where it interacts with myosin and potentially represses transcription, through 

its SET and MYND domains. The fla mutant, which lacks functional SMYD1, showed 

that upregulation of thick filament chaperones had no impact on SMYD1's nuclear 

function. However, restoring sarcomere assembly was achieved by expressing a 

histone methyltransferase-deficient form of SMYD1. The importance of the SMYD1-

myosin interaction was highlighted when the ectopic expression of SMYD1, lacking the 

ability to bind myosin, failed to rescue the fla mutants. This demonstrated the crucial 

role of the SMYD1-myosin interaction in the assembly of thick filaments in cardiac and 

fast-twitch skeletal muscle cells. Interestingly, while SMYD1 is expressed in all fiber 

types, its loss primarily affects fast-twitch muscles, indicating fiber-type-specific 

functions. In addition to its nuclear role, SMYD1 also regulates transcriptional processes 

during later stages of myogenic differentiation through its interaction with skNAC-

SMYD1. This ensures the integrity of sarcomeric structures. Further evidence 

supporting the significance of SMYD1 comes from studies in Xenopus laevis, where the 

deletion of smyd1 and smyd2 impaired muscle cell differentiation. Overall, SMYD1's 

involvement in sarcomere assembly, muscle cell differentiation, and its fiber-type-
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specific functions highlight its critical role in skeletal and cardiac muscle development 

and function 477,481-483. 

In embryonic development, early deletion of Smyd1 leads to severe cardiac 

defects, including truncation of the outflow tract and right ventricle, impaired expansion, 

and proliferation of the second heart field, and embryonic lethality at E9.5. Alternatively, 

later deletion of Smyd1 results in reduced cardiomyocyte proliferation, heart defects, 

and embryonic death at E11.5-12.5, along with fewer myofibers and decreased 

expression of muscle-specific genes. These cardio-muscular defects primarily manifest 

during the second wave of myogenesis. The embryonic lethality observed at E9.5 is 

associated with the modulation of Isl1 and ANF genes through Smyd1's interaction with 

ASH2L and the activation of Isl1 via H3K4me3. In adult mice, deletion of Smyd1 leads 

to impaired mitochondrial genes and respiratory capacity due to the transcriptional 

regulation of PGC-���.���D�Q�G���3�H�U�P�������7�K�H���D�E�O�D�W�L�R�Q���R�I���6�0�<�'�����L�Q���F�D�U�G�L�D�F���W�L�V�V�X�H���U�H�G�X�F�H�V��

H3K4me3 levels at the PGC1a locus and decreases its occupancy at the Perm1 

promoter in a heart failure model. Interestingly, the overexpression of Perm1 restores 

mitochondrial energetics and target genes. Moreover, specifically ablating SMYD1 in 

skeletal myocytes after myofiber differentiation results in weakness, myofiber 

hypotrophy, prevalence of oxidative myofibers, reduced triad numbers, regional 

myofibrillar disorganization/breakdown, impaired mitochondrial energetics, and a high 

percentage of myofibers with centralized nuclei. Collectively, these findings highlight the 

critical role of Smyd1 in cardiac and skeletal muscle development, maintenance of 

muscle-specific gene expression, mitochondrial function, and overall muscle integrity 

465,480,483,487,490,498,499.  
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SMYD1 is a versatile protein with involvement in myogenic development, 

angiogenesis, and epigenetic regulation. It exerts its effects through interactions with 

transcription factors, histone modifications, and stress response pathways. Alternatively, 

SMYD1 affected signaling includes, transcriptional regulation, binding and sumoylation, 

and modulation of oxidative and ER stress responses. In myogenic differentiation, 

SMYD1 interacts with key transcription factors SRF and myogenin, promoting muscle 

development. It enhances myoblast differentiation and myotube formation by directly 

binding to specific sites on its own promoter region. SMYD1 also plays a crucial role in 

endothelial cell migration and tube formation, influencing angiogenesis by enhancing 

SRF's DNA binding activity. In skeletal muscle, conditional knockout of Smyd1 using 

myogenin-Cre results in perinatal death due to impaired downregulation of PRDM16, 

UCP-1, and CIDE-a, which are important regulators of skeletal muscle and adipose fate. 

This disruption leads to abnormalities in proliferation, morphology, and gene expression 

in affected muscles. In cardiac development, SMYD1's interaction with skNAC is crucial. 

Sumoylation of SMYD1 regulates the functions of the skNAC-SMYD1 complex. Deletion 

of skNAC or SMYD1 leads to partial embryonic lethality, ventricular hypoplasia, 

decreased cardiomyocyte proliferation, and disruptions in myofibrillogenesis and 

sarcomere architecture. The skNAC-SMYD1 complex is involved in the regulation of 

Irx4, a ventricle-specific transcription factor, and its loss leads to disorganized 

myofilaments beneath the plasma membrane. SMYD1 undergoes SUMOylation in 

endothelial cells, which affects its availability and functions. Impairment of myogenic 

differentiation and skeletal muscle growth occurs upon depletion of the E3 SUMO ligase 

Mms21/Nse2. The relationship between SMYD1, skNAC, and sumoylation also plays a 
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role in muscle regeneration, as mice lacking skNAC exhibit decreased survival of 

satellite cells. SMYD1 and skNAC function as transcriptional regulators and influence 

histone modifications, particularly H3K4 di- and trimethylation, as well as histone 

acetylation. SMYD1 acts as an activator of HDACs and represses ANF expression. The 

skNAC-SMYD1 complex modulates histone methylation and (de)acetylation, thereby 

impacting gene expression through epigenetic modifications. Additionally, SMYD1 is 

involved in oxidative stress defense, and a feedback mechanism involving Smyd1-

mediated methylation of Tribbles3/TRB3, acting as a co-repressor of Smyd1-mediated 

transcription, has been identified 480,482,490-497. 

Smyd1, a cardioprotective protein, regulates remodeling by modulating oxidative 

stress and signaling molecules. Its regulation by Thioredoxin 1 (Trx1) through non-redox 

post-translational modifications (PTMs) is triggered by thoracic aortic constriction stress. 

This regulation is associated with improved cardiac function following myocardial 

�L�Q�I�D�U�F�W�L�R�Q�����0�,�������,�Q�F�U�H�D�V�H�G���H�[�S�U�H�V�V�L�R�Q���R�I���6�P�\�G�������7�U�[�������F�7�Q�,�����D�Q�G���.-actinin, as well as an 

elevated ratio of phosphorylated AMP-activated protein kinase (AMPK)/AMPK, indicate 

the cardioprotective effects. Furthermore, this regulation attenuates Hsp90, MuRF1, 

brain natriuretic peptide (BNP), reactive oxygen species (ROS) generation, and 

myocardial fibrosis. In the context of sepsis-induced cardiomyopathy (SIC), Smyd1 

plays a protective role in H9c2 cells by mitigating endoplasmic reticulum (ER) stress-

induced cardiac injury caused by lipopolysaccharide (LPS). Targeting the upregulation 

of Smyd1 in response to ROS holds potential for modulating post-MI cardiac function 

and remodeling. Understanding the protective function of Smyd1 in SIC may provide 

insights into strategies for mitigating cardiac injury in sepsis-related conditions 487-489. 
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Originally known for its role in cardiac development, SMYD1 has now emerged 

as a significant player in neurological disorders and endothelial dysfunction. Loss of 

SMYD1 has been associated with Alzheimer's pathology and altered expression of 

genes involved in neuroinflammation. It also regulates factors related to neurogenesis, 

heart and skeletal muscle development, inflammation, and the tricarboxylic acid (TCA) 

cycle. Intriguingly, SMYD1 accumulates in subcortical regions of mouse models and 

brain regions associated with neurodegenerative diseases in humans. In endothelial 

cells, SMYD1 enhances NF-���%���D�F�W�L�Y�L�W�\���D�Q�G���S�U�R�P�R�W�H�V���+���.���P�H�����P�R�G�L�I�L�F�D�W�L�R�Q���D�W���W�K�H���,�/����

promoter upon stimulation with lipopolysaccharide (LPS). In the context of soft tissue 

sarcoma rhabdomyosarcoma (RMS), characterized by incomplete myogenic 

differentiation, microarray analysis has identified SMYD1 and glucose-6-phosphate 

dehydrogenase (G6PD) as targets regulated by miR-206. SMYD1, highly upregulated in 

various RMS subtypes (embryonal RMS, alveolar RMS, and myogenic cells), plays a 

critical role in muscle gene activation and differentiation. Notably, it does not impact the 

proliferative block or loss of anchorage independence imposed by miR-206 in RMS. 

These findings underscore the diverse involvement of SMYD1 in different biological 

contexts, including cardiac development, neurodegenerative diseases, endothelial 

dysfunction, and RMS. They suggest that SMYD1 is implicated in multiple molecular 

pathways and disease processes 484-486. 

1.2.2 SMYD 2 

The oncogenic role of SMYD2 in diverse biological processes and its association 

with various types of cancer, including colorectal cancer, breast cancer, and 

hepatocellular carcinoma have been studied in detail. However, there are only limited 
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studies that explored alternative functions of SMYD2, such as in DSS induced colitis 

and cardiovascular disease (Section 1.3), HIV-1 latency, and SARS-CoV-2 infection.  

In colorectal cancer (CRC), SMYD2 is involved in promoting angiogenesis by 

increasing microvessel density through interactions with HNRNPK and EGFL7. Its 

overexpression is regulated by H3K4me3 modification mediated by PHF8. In breast 

cancer, SMYD2-mediated H3K36me2 modification facilitates the knockdown of MCAM, 

leading to suppressed cancer cell growth and metastasis. Gastrointestinal stromal 

tumor (GIST) tissues show a positive correlation between SMYD2 and EZH2 

expression, while TET1 expression is inversely correlated. Inhibiting SMYD2 results in 

EZH2 silencing and reduced cell proliferation, whereas EZH2 represses TET1 through 

H3K27me3 methylation. Smyd2-TGF-��-Smad3 signaling axis plays a crucial role in 

renal fibrosis by promoting fibrotic gene transcription. S-(-)-oleocanthal (OC), a 

compound found in extra-virgin olive oil, inhibits SMYD2 activity in prostate cancer, 

leading to reduced cell viability, migration, and invasion. Oral administration of OC 

suppresses tumor progression and recurrence in metastatic castration-resistant prostate 

cancer. Gliomas with elevated SMYD2 levels are associated with advanced disease 

stage and poorer survival rates 500-503. Inhibition of SMYD2 hampers epithelial-to-

mesenchymal transition and reduces COL1A1 expression in gliomas. Treatment with 

AZ505 enhances the sensitivity of glioma cells to temozolomide and cisplatin. Cisplatin 

induces SMYD2 degradation through STUB1, and suppressing STUB1 partially 

reverses cisplatin-induced impairment. AZ505 effectively inhibits SMYD2 and 

H3K36Me3 expression in kidney tissues, leading to improved kidney function, reduced 

damage, diminished tubular cell injury, and apoptosis. It also reduces the expression of 
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NGAL and Kim-1, promotes cell proliferation markers, and inhibits inflammation and 

macrophage infiltration. Silencing SMYD2 prevents cisplatin-induced apoptosis in 

kidney cells. In hepatocellular carcinoma (HCC), SMYD2 upregulation is associated with 

adverse clinical outcomes. Depletion of SMYD2 hinders HCC cell growth by 

destabilizing c-Myc protein through increased K48-linked polyubiquitination. SMYD2 

enhances c-Myc expression, resulting in upregulation of GLS1 and altered glutamine 

metabolism. Inhibiting SMYD2 hinders HCC cell metabolism and enhances sensitivity to 

sorafenib. miR-200b negatively correlates with SMYD2 in HCC, where decreased miR-

200b levels promote cell proliferation and increase SMYD2 expression. Silencing 

SMYD2 inhibits cell proliferation and regulates p53/CyclinE1 signaling, suggesting miR-

200b as a potential therapeutic target. In pancreatic adenocarcinoma (PAAD), SMYD2 

is highly expressed, and its silencing suppresses malignant behaviors of PAAD cells, 

while overexpression promotes them. SMYD2 targets MNAT1, whose upregulation is 

associated with unfavorable clinical outcomes in PAAD patients. SMYD2-mediated 

activation of MNAT1 promotes PAAD cell malignancy through the PI3K/AKT signaling 

pathway. In animal experiments, silencing SMYD2 inhibits tumor growth, highlighting 

the potential contribution of SMYD2-mediated MNAT1 upregulation to PAAD 

tumorigenesis via PI3K/AKT pathway activation 504-507. In breast cancer, SMYD2 

�V�S�H�F�L�I�L�F�D�O�O�\���P�H�W�K�\�O�D�W�H�V���H�V�W�U�R�J�H�Q���U�H�F�H�S�W�R�U���D�O�S�K�D�����(�5�.�����D�W���D���V�S�H�F�L�I�L�F���O�\�V�L�Q�H���U�H�V�L�G�X�H�����.����������

in the C-�W�H�U�P�L�Q�D�O���U�H�J�L�R�Q�����7�K�L�V���P�H�W�K�\�O�D�W�L�R�Q���H�Y�H�Q�W���D�O�W�H�U�V���W�K�H���E�L�Q�G�L�Q�J���V�S�H�F�L�I�L�F�L�W�\���R�I���(�5�.���D�Q�G��

�U�H�S�U�H�V�V�H�V���L�W�V���W�U�D�Q�V�D�F�W�L�Y�D�W�L�R�Q���D�F�W�L�Y�L�W�\�����,�W���S�U�H�Y�H�Q�W�V���(�5�.���I�U�R�P���D�F�W�L�Y�D�W�L�Q�J���L�W�V���W�D�U�J�H�W���J�H�Q�H�V����

leading to the disruption of estrogen-�G�H�S�H�Q�G�H�Q�W���J�H�Q�H���H�[�S�U�H�V�V�L�R�Q�����7�K�H���U�H�J�X�O�D�W�L�R�Q���R�I���(�5�.��
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by SMYD2-mediated methylation provides important insights into the development of 

targeted therapies for breast cancer 463,508. 

We pioneered the identification of SMYD2 depletion combined with EGF 

treatment as a novel approach to promote goblet cell expansion and maturation in a 

mouse model of DSS-induced chronic colitis. Our study revealed that EGF treatment 

increased goblet cell numbers, but SMYD2�û�,�(�& mice exhibited a higher proportion of 

mature goblet cells compared to SMYD2fl/fl mice. However, the combined intervention 

did not significantly improve disease outcomes. Immunostaining analysis showed no 

significant differences in goblet cell differentiation markers. These findings highlight the 

need for further research to elucidate the underlying mechanism by which SMYD2 

depletion enhances goblet cell maturation in colitis 449.  

SMYD2 in Embryogenesis/ cardiac development:  Alternate to oncogenic 

character SMYD2 is also reported in cardiac and embryonic development/ differentiation 

and is highly expressed in neonatal heart. Cardiomyocyte-specific deletion of Smyd2 did 

not affect the morphological and functional development of the murine heart, or global 

histone methylation, SMYD2 exhibits intricate interactions with RNA Polymerase II and 

the RNA helicase HELZ, indicating potential involvement in transcriptional regulation 509. 

In human embryonic stem cell (hESC) differentiation, SMYD2 has also been found to 

play a critical role. SMYD2 is induced during hESC differentiation, preferentially 

expressed in somatic cells, and its knockdown promotes the induction of endodermal 

markers. In zebrafish, knockdown of the smyd2a homologue leads to developmental 

delay and aberrant tail formation, accompanied by dysregulated gene expression during 

gastrulation 510. Furthermore, SMYD2 expression is enhanced during mesendodermal 
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differentiation but not neuroectodermal differentiation of hESCs. Knockout of SMYD2 

blocked the mesendodermal lineage commitment but did not affect self-renewal or early 

neuroectodermal differentiation. The binding of SMYD2 at the promoter (namely, 

brachyury (T), eomesodermin (EOMES), mix paired-like homeobox (MIXL1), and 

goosecoid homeobox (GSC)) regions of critical mesendodermal transcription factor 

genes was significantly enhanced during mesendodermal differentiation, and its 

absence led to reduced methylation at specific lysine residues on the histone H3 

associated with these genes 511. While deletion of Smyd2 in adult mouse hematopoietic 

stem cells (HSCs) resulted in apoptosis and transcriptional deficiencies. However, 

deletion in embryonic development (E10.5) did not lead to defects, except for apoptotic 

loss of definite HSCs 512. SMYD2 implicated in apoptosis is essential for maintaining 

homeostasis during aging and is identified as key for pathophysiological conditions such 

as heart failure. Smyd2 has been shown to act as an endogenous antagonist of p53-

dependent cardiomyocyte apoptosis. Decreased levels of Smyd2 and increased levels 

of p53 were observed during cardiomyocyte apoptosis induced by cobalt chloride or 

myocardial infarction. Knockdown of Smyd2 enhanced cardiomyocyte apoptosis, while 

its overexpression resulted in reduced apoptosis. Smyd2 methylates p53, preventing its 

accumulation and subsequent apoptotic cell death 513. Highly express NEAT1 and 

SMYD2 in Cardiac hypertrophy is associated with significant downregulation of 

microRNA-19a-3p. Mechanistically NEAT1 interacts with microRNA-19a-3p and 

SMYD2, thereby promotes cardiac hypertrophy through upregulation of SMYD2 through 

binding to microRNA-19a-3p 514,515. 
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SMYD2, a lysine methyltransferase, plays a crucial role in multiple biological 

processes, including bone morphogenetic protein (BMP) signaling, stroke-related blood-

brain barrier (BBB) dysfunction, inflammation, HIV-1 latency, and SARS-CoV-2 

infection. In BMP signaling, SMYD2 methylates the kinase domain of BMP type II 

receptor BMPR2, impairing BMP-induced phosphorylation of SMAD1/5, their nuclear 

localization, and interaction with SMAD4. This disruption affects various cellular 

processes regulated by BMPs 516-521. Additionally, SMYD2 likely modulates the BMP 

response through its function in the cytosol. Increased expression of SMYD2 

methylation mediated Sphk/S1PR signaling, compromises integrity of endothelial cells 

forming the BBB leading to increased permeability and the infiltration of harmful 

substances into the brain. However, knockdown of SMYD2 has shown promising results 

in mitigating BBB permeability and improving functional recovery following stroke 521. 

In the context of inflammation, SMYD2 exhibits dual roles. It enhances NF-���%��

signaling by methylating TRAF2, leading to sustained activation of inflammatory 

responses. Conversely, SMYD2 acts as a negative regulator of macrophage activation 

by suppressing proinflammatory cytokine production and major MHC-II expression. 

Furthermore, SMYD2 promotes the differentiation of regulatory T cells while inhibiting 

the differentiation of Th17 cells, cells through increased TGF-�����S�U�R�G�X�F�W�L�R�Q���D�Q�G��

decreased IL-6 secretion. The epigenetic modification mediated by SMYD2, particularly 

H3K36me2 at Tnf and Il6 promoters, inhibits transcription and suppresses NF-���%���D�Q�G��

ERK signaling in macrophages 519,520. 

In case of viral infection, SMYD2, a histone methyltransferase, plays a significant 

role in HIV-1 latency and SARS-CoV-2 infection. In terms of HIV-1, SMYD2 is involved 
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in histone methylation and its knockdown or inhibition leads to the reactivation of latent 

HIV-1 in T-cell lines and primary CD4+ T cells. SMYD2 is associated with the chromatin 

of latent HIV-1 promoters, specifically enriched in H4K20me1, and facilitates the 

recruitment of L3MBTL1, a protein recognizing H4K20me1, to the promoter region. This 

SMYD2-H4K20me1-L3MBTL1 axis is implicated in HIV-1 latency and can be a potential 

target for small-molecule SMYD2 inhibitors to disrupt latency. In the context of SARS-

CoV-2, inhibiting SMYD2 reduces the expression of TMPRSS2, a protein essential for 

viral entry. This inhibition effectively decreases viral replication in human intestinal and 

airway cells, particularly those expressing TMPRSS2. Notably, the SMYD2 inhibitor 

BAY598 demonstrates antiviral activity against the Delta variant of SARS-CoV-2. 

Overall, understanding and targeting SMYD2's role in histone methylation offer potential 

therapeutic strategies for combating HIV-1 latency and SARS-CoV-2 infection. SARS-

CoV-2 infection, inhibiting SMYD2 reduces the expression of TMPRSS2, a protein 

essential for viral entry. This inhibition effectively decreases viral replication in human 

intestinal and airway cells, particularly those expressing TMPRSS2. Notably, the 

SMYD2 inhibitor BAY598 demonstrates antiviral activity against the Delta variant of 

SARS-CoV-2 517,518. 

The multifaceted involvement of SMYD2 in different biological processes, 

including embryonic development, inflammation, viral infections, and BMP signaling, 

highlights its potential as a therapeutic target. However, more research is required to 

unravel the precise mechanisms and roles of SMYD2 in cardiovascular biology and 

pathology, which can contribute to the development of innovative treatments for related 

conditions. Additionally, exploring the alternative functions of SMYD2 in diseases 
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beyond cancer can provide valuable insights into its therapeutic potential and broaden 

its applications in various medical contexts. 

1.2.3 SMYD 3 

The oncogenic potential of chromatin modifier SET and MYN-domain containing 

3 (SMYD3) has been implicated in various cancer types, while only limited scientific 

interventions were conducted to explore its alternative functions including in vascular 

biology (Section 1.3, 1.4) 

SMYD3 in cancer - SMYD3 is a protein that has been extensively studied in the 

context of cancer. Research has revealed its significant overexpression in various types 

of cancer, including oral squamous cell carcinoma (OSCC), hepatocellular carcinoma 

(HCC), group 4 medulloblastoma (G4 MB), non-small-cell lung cancer (NSCLC), B-cell 

lymphoma, gastric cancer, ovarian cancer, and more. The elevated levels of SMYD3 in 

these cancers have been associated with tumor proliferation, migration, invasion, and 

deregulation of the cell cycle 522-529. The mechanisms by which SMYD3 exerts its 

oncogenic effects are multifaceted. It can activate gene transcription by directly binding 

to promoter regions, forming complexes with RNA polymerase II, interacting with 

coactivators, and modulating histone 3 lysine 4 (H3K4) methylation at multiple sites 

466,530,531. This transcriptional activation leads to various cellular responses, including 

cell death, proliferation (hTERT, WNT10B), epithelial-mesenchymal transition (SLUG, 

MMP2, MET), cell cycle regulation (CCNA1, CCNA2, CCND1, CCNE1), stem cell 

maintenance (ASCL2), and oncogene activation (MYC, JAK1/2, CTNNB1) 532-541. 

Additionally, SMYD3 influences cancer progression by modulating different 

substrates. For instance, it methylates histone H2A.Z.1 at lysine 101 
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(H2A.Z.1K101me2), enhancing its stability and interaction with histone H3. This 

interaction ultimately activates the expression of cyclin A1 and drives breast cancer cell 

proliferation. SMYD3 also regulates the expression of genes such as HMGA2, ANO1, 

PKM2, ITGB6, ITGAM, CDKN2A, BIRC3, and foxp3 through histone modifications, 

impacting cancer cell stemness, proliferation, invasion, and metastasis. Additionally, 

SMYD3 is associated with increased H3K4 methylation and altered trophoblast function 

in preeclampsia. Suppression of SMYD3 affects H3K4 methylation patterns and 

modulates cell proliferation, migration, and invasion. The SMYD3-H3K4me3-integrin 

pathway is crucial for ovarian cancer metastasis to the peritoneal surface. In ovarian 

cancer, SMYD3 regulates tumor proliferation and apoptosis through H4K20me3-

CDKN2A and H3K4me3-BIRC3 pathways. Moreover, SMYD3 depletion leads to 

reduced H3K4me3 levels in the promoter region and CNS1 of the foxp3 locus. These 

findings shed light on the functional roles of SMYD3 and its association with H3K4 

methylation in cancer progression and other pathological processes 26,523,524,529,534,542-

547.  Similarly, SMYD3 is known to methylate non-histone proteins also to regulate its 

oncogenic characters. By methylating EZH2 at the K421 residue, SMYD3 triggers the 

degradation of EZH2 and effectively inhibits gastric cancer metastasis. In small cell lung 

cancer, SMYD3 methylates RNF113A, resulting in the disruption of its interaction with 

PP4 and altering the sensitivity to alkylating chemotherapy. Furthermore, SMYD3's 

impact extends to hepatocellular carcinoma, where it upregulates S1PR1 expression 

through histone methylation, thereby contributing to poor patient survival 523,525,548. 

SMYD3 is also intimately involved in oncogenic RAS signaling in lung and pancreatic 

cancers. Through its methylation of MAP3K2, SMYD3 promotes the activation of the 
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ERK1/2 pathway, a crucial player in tumor development. Additionally, SMYD3 exerts its 

influence on AKT1, a key kinase involved in cancer cell survival and proliferation. By 

methylating AKT1, SMYD3 enhances its activation and promotes its accumulation at the 

plasma membrane, contributing to the constitutive activation of AKT1 in cancer cells 

549,550�����%�H�\�R�Q�G���W�K�H�V�H���V�L�J�Q�D�O�L�Q�J���S�D�W�K�Z�D�\�V�����6�0�<�'�����I�X�Q�F�W�L�R�Q�V���D�V���D���F�R�D�F�W�L�Y�D�W�R�U���R�I���(�5�.����

�E�R�O�V�W�H�U�L�Q�J���(�5�.���D�F�W�L�Y�L�W�\���L�Q���U�H�V�S�R�Q�V�H���W�R���O�L�J�D�Q�G���E�L�Q�G�L�Q�J�����7�K�L�V���F�R�D�F�W�L�Y�D�W�L�R�Q���L�Q�Y�R�O�Y�H�V���W�K�H��

methylation of histone 3, particularly di- and trimethylation of H3-K4, at the induced ER 

target genes. SMYD3's influence also extends to the methylation of receptor tyrosine 

kinases, such as VEGFR1 and HER2. Through its methylation, SMYD3 potentiates 

angiogenesis by enhancing VEGFR1 kinase activity and promotes HER2 

homodimerization and subsequent autophosphorylation 551-553. 

These scientific findings demonstrate the diverse and intricate roles of SMYD3 in 

cancer development and progression. They highlight the molecular mechanisms 

through which SMYD3 exerts its oncogenic effects, involving transcriptional regulation, 

histone and non-histone protein methylation, and modulation of various signaling 

pathways. Understanding the precise functions of SMYD3 in different cancers can 

potentially aid in the development of targeted therapies for cancer treatment. 

SMYD3 in embryonic development - SMYD3, an essential regulator of gene 

expression, plays a crucial part in the development of embryos. In mice, the levels of 

SMYD3 mRNA follow a specific pattern, peaking during the four-cell stage and gradually 

declining thereafter. Immunostaining reveals that SMYD3 primarily localizes in the 

nuclei of early embryos. Suppression of SMYD3 expression in mice results in a 

significant decrease in the formation of colonies derived from the inner cell mass (ICM) 
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and the attachment of cells derived from the trophectoderm (TE), leading to a reduction 

in the number of viable offspring. This decrease is associated with a reduced 

expression of key developmental markers, including Oct4, Nanog, Sox2, Gata6, Cdx2, 

and Eomes. In bovine oocytes and embryos, SMYD3 mRNA is expressed throughout 

the maturation process and early development. Inhibition of SMYD3 at the germinal 

vesicle stage in bovine embryos decreases the transcription of NANOG and hinders the 

development of embryos from in vitro fertilization at the 4-8 cell stage. However, 

inhibiting SMYD3 at later stages does not impact early embryonic development. 

Zebrafish embryos exhibit the expression of smyd3 at all stages, and the inhibition of 

smyd3 using specific compounds leads to notable abnormalities. Reducing smyd3 

expression in zebrafish embryos causes pericardial edema and defects in the structure 

of the trunk. These abnormalities coincide with abnormal expression of genes involved 

in heart development, such as cmlc2, amhc, myod, and myog. These findings 

emphasize the critical role of SMYD3 in embryonic development across different 

species, highlighting its importance in gene expression regulation and determination of 

lineage commitment during the early stages of embryogenesis 554-556. Comparatively, 

SMYD3-NY showed higher expression levels in adult testis compared to fetal testis, and 

it exhibited low expression in human spermatozoa. Analysis revealed that SMYD3-NY 

protein contains the SET domain, which is associated with histone methyltransferase 

activity, confirmed the presence of SMYD3-NY in various tissues, including testis. 

These findings suggest that SMYD3-NY may play a role in transcriptional regulation 

during spermatogenesis through its histone methyltransferase activity 557. 
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Taken together, these scientific findings emphasize the critical role of SMYD3 in 

embryonic development, demonstrating its involvement in gene expression regulation, 

lineage commitment, and organ development during the early stages of embryogenesis. 

SMYD3 in immune system - SMYD3 as a H3K4 histone methyltransferase 

�L�Q�Y�R�O�Y�H�G���L�Q���W�K�H���U�H�J�X�O�D�W�L�R�Q���R�I���)�R�[�S�����H�[�S�U�H�V�V�L�R�Q���W�K�U�R�X�J�K���D���7�*�)�������6�P�D�G�����G�H�S�H�Q�G�H�Q�W��

mechanism in iTreg cells. Depletion of SMYD3 led to a reduction in H3K4me3 levels in 

the promoter region and CNS-1 of the foxp3 locus. SMYD3 abrogation affected iTreg 

cell formation and resulted in dysregulated IL-17 production. In a mouse model of 

respiratory syncytial virus (RSV) infection, SMYD3-deficient mice exhibited exacerbated 

RSV-induced disease with enhanced proinflammatory responses and worsened lung 

pathogenesis. Additionally, the study identified SMYD3 as a NS5A-binding protein 

involved in Hepatitis C virus (HCV) replication. Overexpression of SMYD3 reduced virus 

titers without affecting viral RNA replication, suggesting a negative impact of SMYD3 on 

HCV particle production in an NS5A-dependent manner 542,558. 

SMYD3 in cellular processes - The C-terminal domain of SMYD3 contains a 

substrate binding pocket composed of tetratrico-peptide repeat (TPR), SET, and post-

SET domains. These domains are important for its histone lysine methyltransferase 

activity, with Tyr239 being crucial for enzymatic function. The nearby MYND domain 

may be involved in DNA binding, stimulating SMYD3's activity. SMYD3 interacts with 

Tax, a protein involved in histone methylation and gene transcription activation, 

influencing its subcellular localization and enhancing NF-���%���D�F�W�L�Y�D�W�L�R�Q�����6�0�<�'�����D�O�V�R��

contributes to the regulation of cholesterol synthesis and mediates the beneficial effects 

of Chitooligosaccharides (COS) in reducing hyperglycemia, hyperlipidemia, and obesity 
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in type 2 diabetes mellitus (T2DM). In the context of skeletal muscle differentiation, 

SMYD3 promotes myoblast fusion and muscle differentiation, targeting the key 

regulatory factor myogenin. The spatial redistribution of SMYD3 in response to cell 

geometry affects its nuclear accumulation and correlates with lysine tri-methylation 

levels. SMYD3 is involved in dedifferentiation of scar-derived myofibroblasts, and 

elevated levels of SMYD3 are associated with Alzheimer's disease pathology. SMYD3 

�U�H�J�X�O�D�W�H�V���W�K�H���D�F�W�L�Y�L�W�\���R�I���W�K�H���P�L�W�R�F�K�R�Q�G�U�L�D�O���H�Q�]�\�P�H���0�7�+�)�'���/�����V�W�D�E�L�O�L�]�H�V���+�,�)���.�����L�Q�G�X�F�H�V��

reactive oxygen species accumulation, and promotes hypoxia-induced cell apoptosis. 

These studies highlight the multifaceted role of SMYD3 in cellular processes and 

suggest its potential as a therapeutic target in fibrosis, neurodegenerative diseases, and 

hypoxia signaling 467,559-566.  

The scientific findings presented here underscore the crucial role of SMYD3 in 

embryonic development, gene expression regulation, and immune system function. 

However, further research is needed to fully understand the mechanisms by which 

SMYD3 influences immune cell function and its potential as a therapeutic target for 

immune-related disorders. Additionally, the diverse roles of SMYD3 in various cellular 

processes, including its involvement in fibrosis, neurodegenerative diseases, and 

hypoxia signaling, suggest its potential as a therapeutic target in these conditions. While 

SMYD3 research has primarily focused on its oncogenic properties, more research is 

required to assess its potential in cardiovascular and cardiometabolic research. 

1.2.4 SMYD 4 

To date, limited research has been conducted to investigate the role of SMYD4 in 

cardiac development, cancer biology, and the immune system. A pioneering study by 
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Thompson and Travers et al. revealed that Drosophila Smyd4 (dSmyd4) is a muscle-

specific transcriptional modulator homologous to human SMYD4, crucial for adult 

muscle development or function. Deletion of dSMYD4 using specific siRNA led to 

embryonic lethality, mainly at the late pupal stage, due to impaired muscle formation 471.  

In addition to its role in muscle development, SMYD4 has been identified as a 

tumor suppressor gene involved in breast cancer development. Knockout/knockdown 

experiments and xenograft models have demonstrated that SMYD4 plays a critical role 

in breast cancer progression by targeting PDGFR-�.��470. Moreover, the expression of 

SMYD4 shows a strong negative correlation with miR-1307-3p in breast cancer 

patients, suggesting that miR-1307-3p can suppress SMYD4 expression. Conversely, 

inhibition of miR-1307-3p leads to upregulation of SMYD4 expression 472. 

hsa_circ_0004018 (circSMYD4) transcribed from SMYD4 on chromosome 17 have 

been shown to be significantly downregulated in both Hepatocellular carcinoma (HCC) 

tissues and cells. Overexpression of circSMYD4 in HCC cells led to suppressed 

proliferation, invasion, and migration, as well as enhanced apoptosis in vitro. In vivo 

experiments showed that circSMYD4 inhibited tumor growth, increased apoptosis-

related proteins, and decreased alpha-fetoprotein (AFP) levels. Mechanistically, 

circSMYD4 acted as a sponge for miR-584-5p, and the regulatory effects of circSMYD4 

on HCC were partially reversed by miR-584-5p overexpression. These findings indicate 

that circSMYD4 plays a role in preventing HCC development by modulating multiple 

signaling pathways involved in metastasis and apoptosis through its interaction with 

miR-584-5p 567-569. Additional integrative bioinformatics analysis of human breast 
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carcinoma further indicates that SMYD4 may serve as a potential prognostic indicator 

for patients with breast cancer 570.  

Regarding the immune system, little is known about the function of SMYD4 in 

both healthy and diseased conditions. Araki et al. showed that SMYD4 is upregulated 

�E�\���7�1�)�.-stimulated synovial fibroblasts from rheumatoid arthritis patients compared to 

those from osteoarthritis patients. However, no further evidence or mechanistic 

overview was provided into the biological significance of this altered SMYD4 expression 

571.  

In conclusion, comprehensive scientific investigations are necessary to assess 

the functional potential of SMYD4 in various diseases. However, Its function in 

cardiovascular disease and vascular pathology remains unknown and requires further 

investigation. 

1.2.5 SMYD 5  

The expression of the lysine methyltransferase SMYD5 has been found to be 

significantly correlated with patient outcomes in cancer. High SMYD5 expression is 

associated with poor overall survival in cancer patients, while decreased expression is 

linked to increased relapse-free survival in breast cancer patients 570,572. Alternatively, 

SMYD5 has been implicated in various biological processes, including chromatin 

remodeling in embryonic stem cells, viral infections, and inflammatory bowel disease 

(IBD) 473,474,573 448. 

Studies using murine stem cells (MSCs) depleted of SMYD5 have demonstrated 

its role in maintaining normal embryonic stem cell characteristics. Depletion of SMYD5 

resulted in abnormal colony morphology and a significant reduction in undifferentiated 
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embryonic stem cells. Additionally, global levels of H4K20me3, a histone modification 

associated with gene regulation, were downregulated in the absence of SMYD5, along 

with its downstream target genes. Long-term studies on MSCs showed that knockout 

cells exhibited increased cancerous characteristics, and when injected into 

immunocompromised mice, tumor formation was observed, supporting findings 

observed in breast cancer patients 473,474.  

In the context of HIV-1 transcription, SMYD5 has been identified as a host 

coactivator. It plays a crucial role in facilitating efficient transcription of the virus, and its 

absence promotes HIV-1 latency. The viral Tat protein and the ubiquitin-specific 

peptidase 11 (USP11) have been found to interact with SMYD5 and contribute to its 

stabilization and coactivator function in HIV-1 transcription 573. 

We for the first time established SMYD5 as a key modulator of Inflammatory 

Bowel Disease (IBD). Increased expression of SMYD5 was observed in the intestinal 

epithelial cells of a mouse model of colitis, which was consistent with human samples. 

Upregulation of SMYD5 led to mitochondrial dysfunction through the downregulation 

and methylation-dependent degradation of PGC1a, a non-histone protein. This novel 

finding expands our understanding of SMYD5's role in IBD pathogenesis and 

progression 448. The methyltransferase activity of SMYD5 is not limited to histones but 

also extends to non-histone proteins such as PGC1a. In murine embryonic stem cells, 

SMYD5 catalyzes the methylation of histone targets, including H3K36 and H4K20, 

thereby regulating pluripotency and development. These findings highlight the diverse 

functions of SMYD5 in chromatin remodeling and its involvement in various biological 

processes 473,574.  
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Overall, SMYD5 exhibits diverse functions in various pathological conditions, 

including cancer, viral infections, IBD, and embryonic stem cells. It acts as a potential 

biomarker for different cancer types, although further research is needed to confirm its 

role in other diseases. Its function in cardiovascular disease and vascular pathology 

remains unknown and requires further investigation. 

1.3 SMYD Proteins and Their Implications in Cardiovascular Disease  

Our current understanding of SMYD proteins in vascular biology is currently 

limited, particularly concerning SMYD1, SMYD2, and SMYD3, while SMYD4 and 

SMYD5 remain largely unexplored in the scientific literature. Given the structural 

resemblances and functional similarities shared by SMYD2 and SMYD3, it is plausible 

to speculate about potential functional overlaps between these proteins, which could 

contribute to their roles in vascular biology. 

Endothelial cells play a pivotal role in maintaining the boundary between 

circulating blood and the vasculature, encompassing the media and perivascular 

regions. SMYD1 has been identified as being expressed in resident endothelial cells. 

However, under pathological conditions such as systemic inflammation, SMYD1 

paradoxically promotes angiogenesis 496. This occurs through two distinct mechanisms: 

firstly, by enhancing NF-���%���D�F�W�L�Y�L�W�\�����D�Q�G���V�H�F�R�Q�G�O�\�����E�\���I�D�F�L�O�L�W�D�W�L�Q�J���W�U�L�P�H�W�K�\�O�D�W�L�R�Q���R�I���+���.����

within the IL-6 promoter in both human vascular endothelial cells and microvascular 

endothelial cells 485. Additionally, SMYD1 interacts with Serum Response Factor (SRF), 

augmenting its DNA binding activity and thereby promoting endothelial cell migration 

and tube formation 496. An interesting observation is that SMYD1 localizes within PML 

nuclear bodies (PML-NBs) in human endothelial cells. This localization undergoes PML-
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dependent SUMOylation, leading to proteasomal degradation. Conversely, 

overexpressing SMYD1 elevates PML mRNA levels but reciprocally reduces Smyd1 

protein stability. Furthermore, treatment with TNF-�.���L�Q�F�U�H�D�V�H�V���E�R�W�K���6�P�\�G�����P�5�1�$���D�Q�G��

protein levels, while incubation with IFN-�����W�U�D�Q�V�L�H�Q�W�O�\���U�D�L�V�H�V���6�P�\�G�����H�[�S�U�H�V�V�L�R�Q�����O�L�Q�N�H�G���W�R��

enhanced Smyd1 SUMOylation and an increase in the size and number of PML-NBs 

before returning to baseline 492. 

Additionally, we for the first time showed initial evidence of SMYD2's involvement 

in the phenotypic switch of VSMCs. Other studies have reported SMYD3's contribution 

to VSMC hyperplasia in restenosis, a vascular complication characterized by neointima 

hyperplasia following injury 450,575,576. Utilizing innovative mouse models with VSMC-

specific Smyd2 knockout and in vitro experiments, we have established that SMYD2 

expression is substantially reduced in injured carotid arteries. Ablating Smyd2 in 

VSMCs exacerbates neointima formation and is associated with phenotypically altered 

VSMCs. Conversely, overexpressing Smyd2 inhibits VSMC proliferation and migration, 

simultaneously ameliorating arterial narrowing following injury. Mechanistically, SMYD2 

interacts with the transcription cofactor myocardin, leading to its recruitment to 

promoters of genes associated with smooth muscle cell contractility. This interaction 

ultimately results in an open chromatin state through SMYD2-mediated H3K4 

methylation. Furthermore, SMYD2 has emerged as a mediator of senescence in 

vascular endothelial cells (VECs) through epigenetic regulation of H3K4me1. Upon 

stimulation by angiotensin II (Ang II), Smyd2 expression significantly increases. 

Depleting Smyd2, either through genetic manipulation or pharmacological intervention, 

effectively mitigates senescence-related characteristics, both in laboratory and in vivo 
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settings. These findings suggest that the upregulation of Smyd2 by Ang II can contribute 

to vascular aging by fostering a hyper-methylated chromatin state and activating 

enhancers near key genes involved in the aging process 577. 

Furthermore, research by Toghill et al. has explored the relationship between 

DNA methylation and gene expression in patients with abdominal aortic aneurysm 

(AAA). They have identified a direct correlation between SMYD2 promoter methylation 

and SMYD2 expression in VSMCs. The observed downregulation of SMYD2 in both 

peripheral blood mononuclear cells and the aortic wall of AAA patients implies the 

involvement of epigenetic modifications in the development and progression of AAA 578. 

Similarly, Smyd3, resembling Smyd2, participates in promoting endothelial cell 

senescence by regulating H3K4 methylation. Stimulation with angiotensin II induces 

H3K4me3, activating the Smyd3-Cdkn1a and Smyd3-PARP16 pathways, ultimately 

resulting in senescence-related characteristics. Conversely, inhibiting Smyd3 protects 

against senescence. Smyd3-mediated H3K4me3 methylation at the promoters of 

Cdkn1a and Parp16 genes contributes to the expression of traits associated with 

senescence, the unfolded protein response, vascular aging, and neointimal hyperplasia 

following vascular injury. Comprehensive analyses through RNA-seq and ChIP-seq 

reveal direct binding of Smyd3 to target gene promoter regions involved in cell 

proliferation, migration, and cell cycle control. These findings highlight Smyd3's pivotal 

role in promoting neointimal formation, underscoring its significance in in vivo settings. 

Notably, knockout of Smyd3 in mice and localized knockdown in rats alleviate 

neointimal hyperplasia while restoring the expression of contractile proteins in VSMCs 

575,576,579,580. 
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In summary, our expanding knowledge of SMYD2's multifaceted roles in vascular 

biology underscores its significance as a target for therapeutic interventions aimed at 

addressing various cardiovascular disorders, including restenosis and vascular aging. 

Further research into the intricate mechanisms governing SMYD2's activities holds the 

promise of revealing novel therapeutic pathways for enhancing vascular health and 

ultimately improving patient outcomes in cardiovascular medicine. 

1.4 Recent Advancement in SMYD Family Protein  

Among the various isoforms examined, SMYD2 emerges as the predominant 

isoform, with notable expression in bone, adipose tissue, and T cells. Conversely, 

SMYD1 exhibits its highest expression exclusively in muscle tissue and is not detected 

in other skeletal tissues such as bone, adipose, and cartilage 518,581 582.   

When Smyd2 is depleted in MC3T3 osteoblast cultures, it leads to an 

acceleration of both proliferation and mineralization processes, accompanied by slight 

increases in the expression of Mki67 and Ccnb2 genes. Intriguingly, the depletion of 

Smyd2 does not impact the expression of key markers associated with osteoblast 

differentiation, including p21/Cdkn1a, Mdm2, Runx2, Sp7/Osterix, and ALP. It's worth 

noting that the loss of Smyd2 disrupts EZH2 stability through the loss of K307 

methylation. Simultaneous deletion of both Smyd2 and EZH2 results in an expedited 

osteoblast differentiation process. These observations point to the existence of a 

regulatory network that involves p53, Smyd2, EZH2, Runx2, Set, and Prmt5, which 

governs the transition from proliferation to quiescence during the early stages of 

osteoblast differentiation 581. 
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In adipocytes, Smyd2 serves as a regulator of adipocyte differentiation by 

modulating STAT3 phosphorylation. This function leads to resistance against diet-

induced obesity and related complications, both in vitro and in vivo. On the other hand, 

in T cells, Smyd2 functions as a negative regulator of macrophage activation and 

polarization. It achieves this by inhibiting the expression of pro-inflammatory cytokines 

such as IL-6 and TNF through H3K36 dimethylation at their promoters, which, in turn, 

hinders the transcriptional and translational signaling of NF-���%���D�Q�G���(�5�.�����7�K�L�V���U�H�J�X�O�D�W�R�U�\��

mechanism underscores the multifaceted role of Smyd2 in cellular processes and 

highlights its influence on diverse biological pathways 520,582. 

Additionally, SMYD3 engages in signaling cascades that rely on calcium as a 

crucial component, and it forms complexes with proteins such as PLCB3, CAMK2B, and 

RCAN3. SMYD3's interactions extend to proteins associated with the WNT-Ca2+ and 

PCP pathways, which are pivotal for calcium-dependent signaling and the 

establishment of planar cell polarity. In the context of the WNT-Ca2+ pathway, SMYD3 

interfaces with PLCB, CAMK2, and the calcineurin inhibitor RCAN3. In the PCP 

pathway, it establishes connections with VANGL1, influencing cytoskeletal 

reorganization and cellular migration. These interactions underscore the substantial 

involvement of SMYD3 in WNT signaling pathways and its profound influence on the 

transmission of intracellular signals and the regulation of cellular responses 583. 

Moreover, SMYD1 and SMARCD1, acting as chromatin remodelers, exhibit 

distinct roles in cardiac development. This indicates the presence of specific triggering 

signals. In human embryonic stem cell-derived ventricular cardiomyocytes (hESC-

VCMs), the combined action of SMYD1 overexpression and SMARCD1 suppression 
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results in synergistic effects on contractile forces in both Cardiac Micro Tissues (CMT) 

and Tissue Strips (CTS) 446. Additionally, Smyd5 has a limited impact on senescence-

like growth arrest (SLGA) induced by Runx1 in MEFs. In contrast, Smyd2 not only 

rescues the growth arrest caused by Runx1 but also prevents SLGA, as demonstrated 

by reduced expression of SA-��-gal. These findings underscore the specific and unique 

role of Smyd2 in regulating SLGA in MEFs 584. 

In summary, shifting away from the concept of SMYD family protein's oncogenic 

properties has unveiled a hitherto unrecognized role for Smyd proteins, potentially 

indicating a protective or preventive function. This is suggested by their participation in 

adipogenesis, osteoblast proliferation and mineralization, as well as viral research. 

1.5 Research Objectives and Knowledge Gap  

The role of epigenetic regulator in cardiovascular diseases, particularly 

atherosclerosis, has garnered significant attention due to its influence on gene function 

and expression. Epigenetic mechanisms, such as histone and non-histone 

modifications, play a crucial role in disease progression and may serve as early 

molecular markers for vascular pathology. However, a comprehensive understanding of 

the intricate interplay between epigenetic modifications and cardiovascular diseases is 

still lacking, impeding their potential clinical applications for diagnosis and evaluating 

disease progression. 

Furthermore, the SMYD family proteins, known for their oncogenic nature, have 

been studied in various contexts but remain poorly explored in cardiac development and 

vascular biology. Each member of the SMYD family (SMYD1, SMYD2, SMYD3, 

SMYD4, and SMYD5) exhibits distinct functions in heart development, endothelial 
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regulation, abdominal aortic aneurysm, vascular hyperplasia, immunogenicity, viral 

infections, and inflammatory bowel disease, but not in atherosclerosis.  

Therefore, this thesis aims to investigate the previously unexplored role of 

SMYD2 in atherosclerosis and shed light on the complex relationship between 

epigenetic modifications and cardiovascular diseases. By elucidating the involvement of 

SMYD2 in disease mechanisms, this research may contribute to the development of 

novel diagnostic markers and therapeutic strategies for cardiovascular diseases, 

ultimately improving patient care. 
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2 MATERIAL AND METHODS  

All animal experiments were conducted in certified animal biosafety lavel-2 

(ABSL-2) at Georgia State University (GSU). The protocol was approved by GSU 

IACUC (Protocol number A21026).  

2.1 Animal experiment  

2.1.1 Generation of mice strain  

Smyd2tm1a(KOMP)wtsi mice (cryopreserved embryos, RRID: MGI:5781753) were 

obtained from the Knockout Mouse Project (KOMP) repository at University of 

California-Davis. Details on the targeted allele are available on the KOMP website and 

methods used on the CSD targeted alleles have been described before 585. The allele 

contains LoxP elements flanking exon 2 of the Smyd2 gene and an FRT-flanked 

selection cassette containing the Engrailed-�����V�S�O�L�F�H���D�F�F�H�S�W�R�U�����V�$��������-Gal and neomycin 

selection elements. Animals were crossed with FlpE recombinase transgenic mice to 

remove the selection cassette, resulting in the Smyd2 floxed allele (Smyd2flox). 

Homozygous Smyd2fl/fl mice were viable and fertile, and showed no abnormalities 

compared to fl/wt or wt/wt counterparts. The floxed mutation does not affect SMYD2 

expression in homozygous Smyd2fl/fl mice. To target Smyd2 in SMCs, Smyd2fl/fl mice 

were first bred with C57BL/6J Tagln-Cre transgenic mice (C57BL6.Cg-Tg (�6�0�����.-

Cre)1Her/J;  Stock No: 004746 from Jackson Laboratory, RRID: IMSR_JAX:004746), 

586 and Smyd2fl/+ Tagln-Cre mice then crossed to obtain Smyd2fl/fl Tagln-Cre animals, 

i.e., the SMC-specific Smyd2 knockout mice (denoted as Smyd2�6�0�&�í���í). Smyd2fl/fl 

homozygous littermates serve as controls (sex ratio per cohort balanced). PCR using 

tail genomic DNA from 4-week-old offspring confirmed genotype of the mice 450. 
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Table 2-1 Primers used for Genotyping  
Gene Forward  Reverse  Size 

Floxed GAGATGGCGCAACGCAATTA
ATG 

CAGGCTGAGTTCTAACAGTCT
GAGTGG 

208bp 

Pre-Cre GGGATCTCATGCTGGAGTTC
TTCG 

GGAAAAGTCAGATTCTCTTGT
GTCTTGG 

579bp 

WT CAGCAGGGCAGTCAATGTC
ACC 

GGAAAAGTCAGATTCTCTTGT
GTCTTGG 

286bp 

Tagln 
mutant 

GCGGTCTGGCAGTAAAAACT
ATC 

GTGAAACAGCATTGCTGTCAC
TT 

100bp 

Tagln 
WT 

CTAGGCCACAGAATTGAAAG
ATCT 

GTAGGTGGAAATTCTAGCATC
ATCC 

324bp 

oIMR 
WT 

GCCTAGCCGAGGGAGAGCC
G 

TGTGACTTGGGAGCTCTG 
CAG C 

155bp 

oIMR 
mutant 

GCCTAGCCGAGGGAGAGCC
G 

GCCGCCCCGACTGCATCT 245bp 

oIMR 
3067 

CTTGGGCTGCCAGAATTTCT
C 

CCCAGAAATGCCAGATTACG 700bp 

oIMR 
3068 

CTTGGGCTGCCAGAATTTCT
C 

TTACAGTCGGCCAGGCTGAC 350bp 

We also developed double knockout mouse strains using Smyd2fl/fl and 

Smyd2�6�0�&�í���í��mice. These mice were crossed with B6.129P2-Apoetm1Unc/J (Stock No: 

002052) 587. The resulting offspring were then backcrossed to obtain SMYD2�û�6�0�& ApoE-

/- (Vascular smooth muscle cells knockout). Additionally, we established another double 

knockout mouse strain targeting monocyte/macrophage-specific cells. This was done by 

crossing Smyd2fl/fl and Smyd2Lyz2�í���í��mice, followed by crossing their offspring with 

B6.129P2-Lyz2tm1(cre)Ifo/J (Strain #:004781)588. Subsequent backcrossing yielded 

SMYD2�û�0�- ApoE-/- mice, which have genetic ablation in monocytes, mature 

macrophages, and granulocytes. We confirmed the presence or absence of genetic 

ablation using PCR primers listed in a designated table 2.1 Genotyped mice were 

randomly allocated into experimental groups, either SMYD2fl/fl ApoE-/-and 
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SMYD2�û�6�0�&ApoE-/- or SMYD2fl/fl ApoE-/- and SMYD2�û�0�- ApoE-/- for further studies. It's 

worth noting that these studies were conducted independently of each other. 

2.1.2 Western diet induced atherosclerosis  in control and Smyd2  depleted 

mice  

Male C57BL6/J mice, aged 7�±8 weeks, with various genetic backgrounds 

(SMYD2fl/fl ApoE-/- and, SMYD2�û�6�0�&ApoE-/- or SMYD2fl/fl ApoE-/- and SMYD2�û�0�-ApoE-/-), 

were placed on a Western diet (WD) for a period of 26 weeks (D12079B, Research 

Diet). Throughout the study, the mice had unrestricted access to WD. At specific time 

points, namely, at the start (0 weeks) and subsequently at the 10th, 18th, and 26th 

weeks of WD, the animals were humanely euthanized. Various tissues, including the 

aorta, blood serum, liver, spleen, kidney, and adipose tissue, were collected and 

examined for any potential abnormalities. The harvested aorta was subjected to 

histological analysis, protein expression analysis, and gene expression analysis. To 

assess atherosclerotic plaque distribution and formation, Oil Red O (ORO) staining was 

performed on freshly collected aortic samples. Compared to the control (SMYD2fl/fl 

ApoE-/-), VSMCs knockout mice SMYD2�û�6�0�&ApoE-/- did not present any developmental 

abnormality as shown by single knockout mice. However, macrophage knockout mice 

(SMYD2�û�0�-ApoE-/-), presented a different information discussed in results sections.  

2.2 Tissue preparation for h istolog ical examination  

The freshly harvested aorta was separated into several groups for specific 

processing. The aortic root, which includes the Brachiocephalic artery (BCA), was 

carefully placed in a disposable plastic cassette and preserved in a 10% Neutral 

Buffered Formalin solution (NBF) at 4�(  for a period ranging from 24 to 48 hours. 
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Alternatively, it was submerged in a 30% sucrose solution. In contrast, the thoracic and 

abdominal aorta were rapidly frozen to facilitate subsequent in-depth analysis. 

Additionally, a subset of aortic root-BCA samples from a select group of mice were 

promptly frozen to prepare optimal cutting temperature (OCT) sections for further 

detailed examination and analysis (Fig. 2.1). 

 
Figure 2-1 Anatomical distribution of mouse aorta .  
A) Whole aorta divided into three major sections namely, Aortic root containing 

Brachiocephalic artery (BCA), Thoracic and abdominal aorta. B) Zoom in section of 
Aortic root containing Brachiocephalic artery (BCA) to differentiate between Aortic root 
and BCA. 

 

2.2.1 Formalin Fixed tissue processing  of Aortic tissues   

The aortic tissues that had been preserved in Neutral Buffered Formalin (NBF) 

underwent a detailed processing procedure using a Citadel tissue processor from 

Thermo Scientific Inc. In this process, the tissue cassettes were initially rinsed under 

running tap water for a duration of 2 to 3 hours. Subsequently, they underwent a 

dehydration sequence, starting with 50% alcohol and gradually progressing to 100% 

alcohol. This was followed by treatments with xylene and wax, as outlined in table �± 2.2. 

Once the tissues were adequately fixed, they were embedded within wax blocks and 
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subsequently sectioned using a microtome. Continuous sections of 5µm thickness were 

meticulously cut, and these sections were then used for various analytical techniques, 

including but not limited to Hematoxylin & Eosin Staining, Masson trichrome staining, 

Immunohistochemistry, Immunofluorescence, von Kossa staining, Alizarin Red staining, 

and others as required for the specific analyses. 

Table 2-2 Steps of preparation of formalin fixed mouse tissue block for 
histological examination  

Sl No Bucket Ethanol Time 

1 1 50 % 15 minutes 

2 2 70 % 15 minutes 

3 3 80 % 20 minutes 

4 4 95 % 20 minutes 

5 5 100 % 20 minutes 

6 6 100 % 30 minutes 

7 7 100 % 30 minutes 

8 8 Xylene 20 minutes 

9 9 Xylene 20 minutes 

10 10 Xylene 30 minutes 

11 11 Wax 60 minutes 

12 12 Wax 60 minutes 

 
 

2.2.2 Optimum Cutting Sections (OCT)  

The aortic tissue underwent a specific preservation process where it was 

immersed in a 30% sucrose solution at a temperature of 4�(  for a period ranging from 

24 to 48 hours. Following this preservation step, the tissue was embedded using 

Tissue-Tek O.C.T. Compound (Catalogue # 4583, Sakura Finetek USA, Inc.) within 

Tissue-Tek NanoMold Base Molds. Once embedded, the aortic tissue was meticulously 
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sectioned using a cryostat, resulting in continuous sections ranging from 8 to 10µM in 

thickness. These tissues slide sections were subsequently employed for various 

staining techniques, including but not limited to Oil Red O (ORO) staining, as well as 

other staining methods previously mentioned in the preceding section, to facilitate 

comprehensive analysis and evaluation. 

2.3 Staining techniques   

2.3.1 En-face Oil Red O (ORO) staining  of aortic tissue  

Mice that had been maintained on a Western diet for a period of up to twenty-six 

weeks were euthanized in a humane manner using isoflurane anesthesia. With utmost 

precision, under the scrutiny of a dissection microscope, pericytes and the adipose 

tissue surrounding the aorta were delicately excised. The thoroughly cleaned aorta, still 

connected to the heart, was then immersed in a solution containing 30% sucrose and 

placed on a rotary shaker, allowing it to incubate overnight at a temperature of 4�( .  

Subsequently, further cleaning procedures were performed on the aortic tissue to 

ensure the complete removal of any residual tissue. A vertical incision was made to 

unveil and visualize the atherosclerotic plaque formation along the entire length of the 

aorta. The aortic tissue, now meticulously prepared for staining, was immersed in a 3% 

Oil Red O (ORO) solution, which had been meticulously prepared using isopropanol 

(Note below). This staining process occurred on a rotary shaker for a duration spanning 

60 - 90 minutes at room temperature.  

Upon completion of the incubation, the aortic tissue was cautiously extracted 

from the ORO solution and subjected to a series of washes with 60% isopropyl alcohol 

until the background was entirely clear. The cleaned aorta was then carefully positioned 
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and secured against a black background to optimize visualization. Photomicrographs 

were subsequently captured, and the areas that tested positive for ORO staining were 

quantified using Image J 589.  

[Note:  - Oil Red O (ORO) powder, procured from Sigma (Catalog # O-0625, with 

a molecular weight of 408.5), was employed in the following manner: Initially, 350mg of 

ORO was accurately weighed and subsequently dissolved in 100ml of isopropanol with 

gentle warming. The resulting solution was meticulously filtered using filter paper and 

then stored at room temperature. For the preparation of the working solution, the stock 

solution of ORO was diluted using distilled deionized water (ddH2O) to achieve a final 

composition of 60% isopropanol.] 

2.3.2 Hematoxylin & Eosin Staining  of Formalin Fixed Aortic Tissues   

Tissue sections that had been embedded in formalin-fixed paraffin (FFP) were 

skillfully cut into continuous sections, each with a thickness of 5µM, using a Microtome 

(Eli-Lilly). These sections were then gently transferred to a water bath, after which they 

were carefully placed onto positively charged glass slides. Subsequently, the slides 

were incubated on a heating pad set at 65�(  for a duration of 60 minutes. 

These continuous sections, measuring 5µm in thickness, were thoughtfully 

prepared and served as the basis for a range of analytical techniques. These 

techniques included, but were not limited to, procedures such as Hematoxylin & Eosin 

Staining, Masson trichrome staining, Immunohistochemistry, Immunofluorescence, von 

Kossa staining, Alizarin Red staining, and any other techniques deemed necessary for 

the specific analyses at hand. 
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The slides, which had been prepared as outlined in section 2.2.1, and sectioned 

as mentioned above covering the processing and sectioning of formalin-fixed tissues, 

were utilized for the Hematoxylin & Eosin staining procedure. To provide a succinct 

overview, the slides were initially placed in an oven and incubated for 60 minutes prior 

to the commencement of the staining steps. Subsequently, the slides underwent a 

series of key actions: they were immersed in Xylene, with this process repeated three 

times, followed by the hydration of the tissue sections through a sequence of alcohol 

concentrations ranging from 100% to 70%, as detailed in Table 2.3. After this, the slides 

were rinsed once in distilled deionized water (ddH2O) and then immersed in 

Hematoxylin solution for a duration of 2-3 minutes. Following the Hematoxylin 

incubation, they were promptly transferred to running tap water and left under running 

water for a period of ten minutes. The excess water was carefully removed, and the 

slides were incubated in Eosin for 30 seconds. Subsequently, they were immediately 

transferred to a series of alcohol concentrations (90%, 95%, and 100%) to facilitate 

dehydration, and they underwent three rounds of Xylene treatment before being 

mounted using a suitable mounting medium, such as Toluene. The prepared slides 

were left to dry at room temperature, and images were captured after a timeframe of 24 

to 48 hours to enable comprehensive analysis. 

 
Table 2-3 Steps of Hematoxylin & Eosin staining  

Steps  Reagent  Time 

1 Xylene - I 5 minutes 

2 Xylene - II 5 minutes 

3 Xylene - III 5 minutes 

4 100% alcohol - I 5 minutes 
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5 100% alcohol - II 5 minutes 

6 95% alcohol 5 minutes 

7 80% alcohol 5 minutes 

8 70% alcohol 5 minutes 

9 ddH2O Several dips 

10 Hematoxylin 2-3 minutes 

11 Running tap water 10 minutes 

12 Eosin-Y 30 �± 90 sec. 

13 90% alcohol - I 2 minutes 

14 90% alcohol - II 2 minutes 

15 100% alcohol - I 2 minutes 

16 100% alcohol - II 2 minutes 

17 100% alcohol - III 2 minutes 

18 Xylene - I 3 minutes 

19 Xylene - II 3 minutes 

20 Xylene - III 5 minutes 

21 Mounting  

 

2.3.3 Trichrome Masson Staining of Aortic Tissues from Western Diet -Fed 

Mice   

The slides, which had been meticulously prepared in accordance with the 

procedures outlined in section 2.2.1 and sectioned as previously described for formalin-

fixed tissue processing, were utilized for Trichrome Masson staining, following Sigma-

Aldrich's Procedure No. HT15. To provide a concise summary of this staining protocol, 

the following steps were diligently followed �±  

 Initially, the slides were deparaffinized and hydrated in distilled deionized water 

(ddH2O) up to Step 9, as indicated in Table 2.3. Subsequently, Bouin's Solution was 
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heated to 56°C in a Coplin jar using a microwave for a duration of 45 seconds. The 

slides were then carefully placed into the heated Bouin's Solution and allowed to 

incubate at room temperature for 15 minutes. Following incubation, the slides were 

removed and thoroughly rinsed under running tap water to eliminate the Bouin's stain, 

recognizable by its yellow color. 

�(�[�F�H�V�V���Z�D�W�H�U���Z�D�V���J�H�Q�W�O�\���W�D�S�S�H�G���R�I�I�����D�Q�G���W�K�H���V�O�L�G�H�V���Z�H�U�H���L�P�P�H�U�V�H�G���L�Q���:�H�L�J�H�U�W�¶�V��

Iron Hematoxylin Solution for 5 minutes, after which they were rinsed in running tap 

water. Following this, the slides underwent further rinsing in deionized water, with 

excess water being gently tapped off. Subsequently, they were submerged in Biebrich 

Scarlet-Acid Fuchsin for 5 minutes and then rinsed in deionized water, again tapping off 

any excess water. 

The slides were then immersed in a working solution of Phosphotungstic/ 

Phosphomolybdic Acid for 5 minutes, without any interim washing steps. Following this 

step, they were directly placed into Aniline Blue Solution for another 5 minutes, 

immediately followed by a wash with 1% acetic acid for 2-3 minutes. 

These slides were rinsed in deionized water, excess water was gently tapped off, 

and they were incubated for dehydration through a graded series of alcohol solutions. 

Finally, the clearing step was carried out in xylene. These cleared slides were then 

carefully mounted using toluene, adhering to the specifications outlined in Table 2.4. 

Following this, the prepared slides were left to air dry at room temperature, with images 

being captured after a period of 24 to 48 hours to enable comprehensive and detailed 

analysis. 

Table 2-4 Steps of Masson's trichrome staining  
Steps      Reagent             Time 
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1 Xylene - I 5 minutes 
2 Xylene - II 5 minutes 
3 Xylene - III 5 minutes 
4 100% alcohol - I 5 minutes 
5 100% alcohol - II 5 minutes 
6 95% alcohol 5 minutes 
7 80% alcohol 5 minutes 
8 70% alcohol 5 minutes 
9 ddH2O Several dips 

10 �%�R�X�L�Q�¶�V���6�R�O�X�W�L�R�Q���������ƒ�&�� 15 minutes 
11 Cool slides (place Copulin jar 

under running tap water) 
30 minutes 

12 Wash slides under tap water  5 minutes 
13 �:�H�L�J�H�U�W�¶�V���,�U�R�Q���+�H�P�D�W�R�[�\�O�L�Q 5 minutes 
14 Wash slides under tap water 5 minutes 
15 Biebrich Scarlet-Acid Fucshin 5 minutes 
16 Wash slides under tap water 5 minutes 
17 Working Phosphotungstic/ 

Phosphomolybdic Acid Solution 
5 minutes 

18 Aniline Blue Solution 5 minutes 
19 Acetic Acid, 1% 2-3 minutes 
20 Wash slides under tap water 5 minutes 
21 90% alcohol - I 3 minutes 
22 90% alcohol - II 3 minutes 
23 100% alcohol - I 3 minutes 
24 100% alcohol - II 3 minutes 
25 100% alcohol - III 3 minutes 
26 Xylene - I 3 minutes 
27 Xylene - II 3 minutes 
28 Xylene - III 5 minutes 
29 Mounting 

 

2.3.4 VonKossa (Calcium Stain ) Staining of Aortic Tissues Obtained from  

Western Diet -Fed Mice  and In vitro culture d 10T1/2, VSMCs and BMDM cells   

Slides, which had been prepared as outlined in section 2.2.1 covering the 

formalin-fixed tissue processing and sectioning, were employed for the von Kossa 
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staining procedure using Sigma-Aldrich's Cat. No. 1.00362.0001. To summarize this 

staining protocol, the following steps were diligently carried out �±  

Initially, the slides were subjected to deparaffinization and hydration in distilled 

deionized water (ddH2O), as detailed in Table 2.5. Subsequently, the slides were 

incubated with a silver nitrate solution under UV light for a duration of 30-45 minutes. 

Afterward, the silver nitrate solution was carefully discarded, and the slides were 

thoroughly washed in tap water for three minutes. Any excess water was gently tapped 

off, and the samples were allowed to dry before the addition of a Sodium thiosulfate 

solution for 5 minutes. Immediately following this step, the slides were washed, and a 

Nuclear fast red-aluminium sulfate solution at a concentration of 0.1% (Sigma-Aldrich, 

Cat. No. 100121) was applied for three minutes. 

Following the Nuclear fast red-aluminium sulfate solution step, the slides were 

rinsed in deionized water, excess water was gently tapped off, and they were incubated 

to undergo dehydration through a series of alcohol solutions. The final clearing step was 

carried out using xylene. Subsequently, these prepared slides were left to dry at room 

temperature, and images were captured after a period of 24 to 48 hours, allowing for 

comprehensive analysis. 

Table 2-5 Steps of Von Kossa (Calcium Stain)  Staining of Aortic Tissues 
Obtained from  Western Diet -Fed Mice  

Steps  Reagent  Time 
1 Xylene - I 5 minutes 
2 Xylene - II 5 minutes 
3 Xylene - III 5 minutes 
4 100% alcohol - I 5 minutes 
5 100% alcohol - II 5 minutes 
6 95% alcohol 5 minutes 
7 80% alcohol 5 minutes 
8 70% alcohol 5 minutes 
9 ddH2O Several dips 
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10 Silver nitrate solution 30-45 minutes 
11 Wash slides under tap water 2 minutes 
12 Sodium thiosulfate solution 5 minutes 
13 Wash slides under tap water 2 minutes 
14 Nuclear fast red-aluminium sulfate solution 

0.1% 
3 minutes 

15 Wash slides under tap water 2 minutes 
16 90% alcohol - I 2 minutes 
17 90% alcohol - II 2 minutes 
18 100% alcohol - I 2 minutes 
19 100% alcohol - II 2 minutes 
20 100% alcohol - III 2 minutes 
26 Xylene - I 2 minutes 
27 Xylene - II 5 minutes 
28 Xylene - III 5 minutes 
29 Mounting 

  

To identify calcification in cultured cells, various cell types including 10T1/2 cells, 

primary VSMCs (VSMC), bone marrow-derived macrophages (BMDM), and RAW 264.7 

cells were utilized for Von Kossa (Calcium Stain) staining. These cells were grown 

under different experimental conditions, and at specified time points, they underwent the 

following staining procedure �±  

Initially, the cells were washed with PBS three times, ensuring thorough removal 

of any residual PBS. After aspirating any trace amounts of PBS, a silver nitrate solution 

(500ul for 24-well plates, 200ul for 48-well plates) was added to the cells. The cell 

culture plates were then incubated under UV light for a duration of 30-45 minutes. 

Subsequently, the silver nitrate solution was carefully discarded, and the cells were 

subjected to a three-minute wash in tap water. Any excess water was removed, and a 

Sodium thiosulfate solution was added for 5 minutes. Immediately following this step, 

the cells were washed three times with distilled deionized water (ddH2O) and exposed 
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to a Nuclear fast red-aluminium sulfate solution with a concentration of 0.1% (Sigma-

Aldrich, Cat. No. 100121) for a period of five minutes. 

Further rinsing with ddH2O was performed three times, and the cells were left in 

ddH2O until images were captured. The plates were stored at room temperature, and 

image acquisition was carried out using an Amscope Stereo zoom microscope (SM-

4TPZ-144-18M3). 

2.3.5 Alizerin red (Calcium Stain)  Staining of Aortic Tissues Obtained from 

Western Diet -Fed Mice  and In vitro culture d 10T1/2, VSMCs and BMDM cells   

Slides, which had been prepared according to the procedures detailed in section 

2.2.1 covering formalin-fixed tissue processing and sectioning, were employed for 

conducting Alizarin Red staining using Sigma-Aldrich's Cat. No. TMS-008-C. To provide 

a succinct overview of this staining protocol, the following steps were meticulously 

carried out �±  

Firstly, the slides were subjected to deparaffinization and hydration in distilled 

deionized water (ddH2O), as outlined in Table 2.6. Subsequently, the slides were 

incubated with Alizarin Red solution for a duration of 5-15 minutes, during which the 

characteristic red-orange stain was observed under a microscope.  

Excess dye was gently shaken off, and the slides were then dehydrated 

successively in acetone, acetone: xylene (1:1), and finally in xylene. Following this, the 

slides were mounted using toluene, following the specifications listed in table 2.6. The 

prepared slides were left at room temperature for drying, and images were captured 

after a period of 24 to 48 hours to facilitate comprehensive analysis. 
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Table 2-6 Steps of Alizerin red (Calcium Stain) Staining of Aortic Tissues 
Obtained From Western Diet -Fed Mice  

Steps  Reagent  Time 
1 Xylene - I 5 minutes 
2 Xylene - II 5 minutes 
3 Xylene - III 5 minutes 
4 100% alcohol - I 5 minutes 
5 100% alcohol - II 5 minutes 
6 95% alcohol 5 minutes 
7 80% alcohol 5 minutes 
8 70% alcohol 5 minutes 
9 ddH2O Several dips 
10 Alizarin red solution 5-15 minutes 
11 Shake off excess dye 2 minutes 
12 Acetone -I 2 minutes 
13 Acetone -II 2 minutes 
14 Acetone : Xylene  2 minutes 
15 Xylene - I 2 minutes 
16 Xylene - II 2 minutes 
17 Xylene - III 5 minutes 
18 Mounting 

 

For the purpose of identifying calcification in cultured cells, a variety of cell types, 

including 10T1/2 cells, primary cells derived from vascular smooth muscle (VSMC) and 

bone marrow-derived macrophages (BMDM), as well as RAW 264.7 cells, were 

employed in the Alizarin Red staining procedure. These cells were cultivated under 

different experimental conditions, and upon reaching specified time points, the following 

staining process was meticulously carried out �±  

Initially, the cells were washed with PBS three times to ensure thorough removal 

of any residues. Any remaining PBS was aspirated out to prevent interference with the 

subsequent steps. Subsequently, NBF (Neutral Buffered Formalin) was added (500ul 

for 24-well plates, 200ul for 48-well plates), and the plates were incubated at room 

temperature for 30 minutes. Following this incubation, the NBF was discarded, adhering 
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to research safety guidelines, and the cells underwent a three-time wash with distilled 

deionized water (ddH2O). Any trace amounts of ddH2O were also aspirated out to avoid 

interference with the Alizarin Red solution. 

Next, 200ul of Alizarin Red solution (Sigma-Aldrich, Cat. No. TMS-008-C) was 

added, and the cells were incubated for 20-30 minutes at room temperature. It's worth 

noting that the Alizarin Red solution can be reused and should be stored at 4 degrees 

Celsius for future experiments. The cells were further washed with ddH2O until a bright 

orange-red color was observable. To eliminate excess water, the plates were inverted, 

tapped, or placed under a Kim-wipe. Finally, the plates were stored at room 

temperature, and images were captured using an Amscope Stereo zoom microscope 

(SM-4TPZ-144-18M3). 

[Note  - The Alizarin Red solution used in this study was prepared within our 

laboratory. To create this solution, 137mg of Alizarin Red powder (Sigma-Aldrich, 

A5533-25G) was carefully dissolved in 10ml of distilled deionized water (ddH2O), 

yielding a final concentration of 40mM. It is crucial to adjust the pH of the solution using 

10% ammonium hydroxide, as the pH level significantly influences the staining 

strength.] 

2.3.6 Immunohistochemistry (IHC) and  Immunofluorescence (IF) Staining 

of   Human, and Mice Aortic Tissue  

The slides, which had undergone thorough preparation as detailed in section 

2.2.1, encompassing the formalin-fixed tissue processing and sectioning, were 
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employed for the purpose of conducting IHC and IF (section 2.3.6). The protocol for this 

staining procedure was executed with precision �±  

First, the slides underwent deparaffinization and hydration in distilled deionized 

water (ddH2O), as specified in table 2.3, Step 9, with any excess water carefully tapped 

off. Subsequently, the slides were placed within a slide cassette and incubated in 

Antigen Retrieval Buffer in a boiling water bath at 95 degrees Celsius for 20-30 minutes 

(Note 1). Following this step, the slides were thoroughly washed in PBS for three 

cycles, each lasting 5 minutes. Next, 15�±20-minute incubation of the slides in 

BLOXALL® (a solution designed to inhibit endogenous peroxidase and alkaline, Vector 

Lab, SP-6000-100). Post BLOXALL® treatment, the slides were incubated with a 

blocking buffer containing 5% goat serum, prepared in PBSt (PBSt containing TritonX 

100), for 60 minutes at room temperature. Subsequently, the slides were subjected to 

an overnight incubation at 4 degrees Celsius in a humidifier chamber with the respective 

primary antibodies, prepared in PBSt (Note 2). On the following day, the slides were 

washed in PBS three times for 5 minutes each before being exposed to secondary 

antibody (IHC), while for IF fluorescence-conjugated secondary antibodies, as indicated 

in the provided table 2.7, and diluted in PBSt. This incubation took place for 60 minutes 

in the absence of light. The slides were then washed with PBSt and were stained with 

diamidino-2-phenylindole (DAPI) at a 1:10,000 dilution (Thermo Scientific�Œ 62248, 

1mg/ml) for 5 minutes. Immediately following the DAPI staining, the slides were washed 

three times using PBSt. Lastly, the slides were mounted using mounting medium 

(Invitrogen�Œ ProLong�Œ Gold Antifade Mounting, Catalog No. P36931) (Note 3).  
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After the slides exposed to the secondary antibody (IHC) had undergone a 60-

minute incubation in the dark, they were subjected to a wash with PBSt. Subsequently, 

the slides were stained with 3,3'-Diaminobenzidine (DAB), a chromogen utilized for 

visualizing target antigens in biological specimens by generating a brown-colored 

reaction product. This chromogen is frequently employed in conjunction with 

horseradish peroxidase (HRP) as a part of the enzyme-substrate reaction that takes 

place in IHC and ICC assays. When HRP oxidizes DAB, it results in the formation of a 

brown precipitate precisely at the site of the target antigen. This enables the specific 

proteins or molecules in tissues or cells to be visualized and localized under a 

microscope. To halt the DAB reaction, water was added, and the slides were rinsed with 

PBSt. Following this wash, the slides were moved on to the rehydration steps, as 

outlined in table 2.3, Step 13, to promote dehydration. They subsequently underwent 

three rounds of Xylene treatment before being mounted using an appropriate mounting 

medium, such as Toluene. The prepared slides were left to air dry at room temperature, 

and comprehensive analysis was conducted by capturing images within a timeframe of 

24 to 48 hours. This approach facilitated a thorough examination of the stained 

samples. 

[Note 1:  Antigen retrieval is a critical step for epitope retrieval in 

immunofluorescence staining. Therefore, it is essential to standardize the pH (either pH 

6 or pH 9) and duration (15-30 minutes) for epitope unmasking to facilitate antibody 

binding. pH 9 Antigen retrieval buffer was prepared using 10mM Tris base, 1mM EDTA, 

and 0.05% tween-20. pH 6 Antigen retrieval buffer (Citrate) was prepared using 10mM 

Tris-Sodium Citrate, 1.9mM Citric acid, and 0.05% tween-20. Usage: The antigen 
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retrieval solution was placed in a Coplin jar or slide cassette, and it was heated in a 

boiling water bath. Once the solution temperature reached 95-98 degrees Celsius, the 

slides were slowly added, and they were allowed to boil for 15-30 minutes. The Coplin 

jar or slide cassette was then removed from the water bath and left to cool at room 

temperature for 30-40 minutes.] 

[Note 2: A humidifier chamber was created using absorbent filter paper at the 

bottom of a tray, followed by the addition of ddH2O to the filter paper. On top of this, a 

Parafilm was placed, followed by a PVDF membrane, the primary antibody, and a 

coverslip with cells.] 

[Note 3 : The DAPI staining step is not necessary if Gold Antifade Mounting with 

DAPI is to be used.]  

2.3.6.1 Immunofluorescence staining of In vitro culture cells  

For the Immunofluorescence (IF) analysis, cells cultivated in their respective 

culture media were employed. The procedure was conducted as follows �±  

Initially, the cells were washed thoroughly with PBS three times, after which they 

were fixed using 4% formalin for 20 minutes at room temperature. Subsequently, the 

cells were subjected to another round of PBS washing (three times). Following this, the 

cells were blocked with a solution comprising 5% goat serum in PBSt (0.1% Triton X 

100) for 1 hour at room temperature. The coverslips, housing the treated cells, were 

then carefully removed from the 6-well plate and placed in a humidifier chamber. Within 

this chamber, they were incubated with the respective primary antibodies (dilution and 

antibody details provided below) overnight at 4�• . On the following day, the coverslips 

were taken out and transferred to a 6-well plate, where they underwent three washes 
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with PBSt, each lasting 5 minutes. Subsequently, the coverslips were incubated in 

secondary antibodies (fluorescent HRP conjugated), prepared in PBSt, for 1 hour in the 

absence of light. Following this incubation, the cells were washed thrice with PBSt. The 

coverslips were then subjected to staining with diamidino-2-phenylindole (DAPI) at a 

1:10,000 dilution (Thermo Scientific�Œ 62248, 1mg/ml) for 5 minutes. Immediately after 

DAPI staining, the coverslips were washed three times using PBSt and were then 

mounted using mounting medium (Invitrogen�Œ ProLong�Œ Gold Antifade Mounting, 

Catalog No. P36931). 

Table 2-7 List of reagents used in Immunofluorescence  
Secondary antibody  Catalogue 

Number  
Company  Dilution  

Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor�Œ 555 

A-21422 Invitrogen 1:400 

Goat Anti-Rabbit Igg (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor�Œ 488 

A-11008 Invitrogen 1:400 

Goat anti-Rabbit IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa 
Fluor�Œ 555 

A-11035 Invitrogen 1:400 

Goat anti-Mouse IgG (H+L), 
Superclonal�Œ Recombinant Secondary 
Antibody, Alexa Fluor�Œ 488 

A28175 Invitrogen 1:400 

 

2.4 Ex-vivo experiment  of SMYD2�û�6�0�& ApoE -/- (Vascular smooth muscle cells 

knockout) and Control mice tissues.  

The aorta was aseptically extracted from male C57BL/6 mice, encompassing 

both control and knockout specimens. After meticulous removal of the adventitia and 

perivascular adipose tissues, the aortic segments were precisely sectioned into rings 

measuring 2-3 mm in length. Subsequently, these aortic rings were subjected to culture 
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conditions in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 15% fetal 

bovine serum (FBS), maintaining a controlled environment at 37°C with a 5% CO2 

atmosphere.  

To initiate calcification, the aortic rings underwent treatment with a high 

phosphate concentration of 2.5 mmol/L for a duration of 14 days, with regular 

replacement of the culture medium every 3 days, as detailed in a pertinent publication 

590. These aortic tissue samples were then employed for the quantification of calcium 

content within the tissues. This quantification was carried out using the Calcium Assay 

Kit (Item No. 701220, Cayman's Chemicals, MA, US), following the methodology 

specified in previous research papers 590,591. 

In brief, approximately 5 x 106 cells were gently scraped and subsequently 

collected in cold phosphate-buffered saline (PBS). The collected cells were subjected to 

centrifugation at 1,000-2,000 x g for 10 minutes at 4�• . Following centrifugation, the 

supernatant was carefully removed and stored on ice for subsequent analysis. In the 

�Q�H�[�W���S�K�D�V�H�������������O���R�I���H�L�W�K�H�U���W�K�H���V�D�P�S�O�H���R�U���D���V�W�D�Q�G�D�U�G���Z�D�V���P�H�W�L�F�X�O�R�X�V�O�\���G�L�V�S�H�Q�V�H�G���L�Q�W�R���D��

96-�Z�H�O�O���S�O�D�W�H���L�Q���W�U�L�S�O�L�F�D�W�H�����6�X�E�V�H�T�X�H�Q�W�O�\���������������O���R�I���W�K�H���:�R�U�N�L�Q�J���'�H�W�H�F�W�R�U���5�H�D�J�H�Q�W���Z�D�V��

added to each well. The plate was allowed to incubate at room temperature for 5 

minutes before the absorbance at 590nm was quantified. It's important to emphasize 

that the reaction remained stable for a duration of 30 minutes. 

2.5 Wire-myography of aortic tissue obtained from SMYD2fl/fl  ApoE -/- and  

SMYD2�û�0�-ApoE -/- 

We began by collecting the entire aorta from both genotype fed with WD for 26W,           

and meticulously removing pericytes and residual fats. These tissue samples were then 
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carefully preserved overnight in cold, oxygenated Krebs-Henseleit buffer. The following 

�P�R�U�Q�L�Q�J�����Z�H���V�O�L�F�H�G���W�K�H���D�R�U�W�L�F���W�L�V�V�X�H���L�Q�W�R�����×�P�P���V�H�J�P�H�Q�W�V���D�Q�G���S�O�D�F�H�G���W�K�H�P���L�Q�����P�/���R�U�J�D�Q��

baths from Danish Myograph Technology in Aarhus, Denmark. These baths were filled 

with Krebs-Henseleit buffer and maintained at 37�• , with a gas mixture of 95% oxygen 

and 5% carbon dioxide. We adjusted the tension to 90% of the estimated diameter at an 

�H�I�I�H�F�W�L�Y�H���W�U�D�Q�V�P�X�U�D�O���S�U�H�V�V�X�U�H���R�I���������×�P�P�+�J�����7�R���D�V�V�H�V�V���P�D�[�L�P�X�P���F�R�Q�W�U�D�F�W�L�O�H���U�H�V�S�R�Q�V�H�V����

�Z�H���X�V�H�G���D���V�R�O�X�W�L�R�Q���F�R�Q�W�D�L�Q�L�Q�J���������×�P�P�R�O���/���S�R�W�D�V�V�L�X�P���F�K�O�R�U�L�G�H�����.�&�O�������$�I�W�H�U���U�L�Q�V�L�Q�J���R�X�W���W�K�H��

KCl, we induced precontraction using the thromboxane A2 agonist U46619 at a 

�F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I�������×�Q�P�R�O���/�����U�H�V�X�O�W�L�Q�J���L�Q���D���F�R�Q�W�U�D�F�W�L�R�Q���U�D�Q�J�L�Q�J���I�U�R�P�����������W�R�������������R�I���W�K�H��

�U�H�V�S�R�Q�V�H���V�H�H�Q���Z�L�W�K���������×�P�P�R�O���/���.�&�O�����6�X�E�V�H�T�X�H�Q�W�O�\�����Z�H���F�R�Q�V�W�U�X�F�W�H�G���D���F�R�Q�F�H�Q�W�U�D�W�L�R�Q-

response curve (CRC) for SNP (sodium nitroprusside) across a range of concentrations 

�I�U�R�P�������������×���P�R�O���/���W�R���������×���P�R�O���/�� Contractile and SNP responses were compared 

among control and knockout mice tissues 592.  

2.6 Western blot (Immunoblotting)  

Western blot analysis was performed according to standard procedures using 

lysates from tissues or cells as described previously. In brief, tissues or cells were 

solubilized in RIPA (Note4) or M-PER mammalian protein extraction reagent (78501;  

Thermo Scientific, Waltham, MA) supplemented with protease inhibitor cocktail (P8340;  

Sigma). After the protein concentration was measured using the Bradford method, 

the same amounts of total proteins for each sample or treatment were separated by 

sodium dodecyl sulfate�±polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membranes (#1620177; Bio-Rad, Hercules, CA). The 

membranes were blocked with 5% goat serum at room temperature for 1 hour before 
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the addition of primary antibodies (table 2.8) for overnight incubation at 4�• . The 

following day, the membranes were incubated with secondary antibodies for 1 hour at 

room temperature. The enhanced chemiluminescent kit was used for development, and 

the images were captured using the Amersham Imager 600 RGB system (GE Health 

Care, Chicago, IL)448. 

Table 2-8 List of Antibody used for Western blot and Immunoprecipitation . 
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Antibody name  Company Name  Cat # 
Osteopontin antibody Abcam ab91655 
Alpha smooth muscle Actin antibody  Abcam ab5694 
Myocardin antibody Abcam ab107301 
MYOCD Monoclonal Antibody Abcam MA5-24103 
SM 22 -TAGLN/Transgelin antibody Abcam ab14106 
Smooth Muscle Myosin Heavy Chain 11 
antibody  Abcam ab53219 

Anti-SOX9 antibody Abcam ab185230 
SMYD3 Abcam ab187149 
SMYD4 Abcam ab105710 
Anti-RUNX2 antibody  Abcam ab236639 
Anti-pan methyl Lysine antibody- HISTONE 
met Abcam 

ab7315 

Anti-Methylated Lysine- NON-HISTONE  Abcam ab23366 
NF-���%���S���������'�����(��������-rabbit Cell Signaling CS 8242 
NF-���%���S���������/���)������- mouse Cell Signaling CS 6956 
Phospho-NF-���%���S���������6�H�U�������� Cell Signaling CS 3039 
Phospho-NF-���%���S���������6�H�U�����������������+���� Cell Signaling CS 3033 
Sox9 (D8G8H) Cell Signaling CS  82630T 
SMYD2 (D14H7) Cell signaling  CS 9734 
Anti-mouse IgG, HRP-linked Antibody  Cell signaling 7076P2 
Sox9 (D8G8H)  Cell signaling  82630 
SRF (D71A9) XP®  Cell signaling  5147 
Histone H3 (D1H2) XP®  Cell signlaing  4499 
Tri-Methyl Lysine Motif [tme-K]  Cell signlaing  14680 
Mono-Methyl Lysine [mme-K]  Cell signlaing  14679 
Di-Methyl Lysine Motif [dme-K]  Cell signlaing  14117 
SUMO-2/3 (18H8)  Cell signlaing  4971T 
Ubc9 (D26F2) XP®  Cell signlaing  4786T 
Notch1 (D1E11) XP®  Cell signaling  3608 
Lamin A/C (4C11)  Cell signalling 4777T 
XBP-1s (E8C2Z)  Cell signalling 27901 
PERK (D11A8)  Cell signalling 5683T 
�,�5�(���.���������&�������� Cell signalling 3294 
Acetylated-Lysine Cell Signaling  9441S 
NF-���%���S���������/���)������ Cell Signaling 6956 
Phospho-NF-���%���S���������6�H�U�����������$�Q�W�L�E�R�G�\�� Cell Signaling 3039 
Acetylated-Lysine Antibody Cell Signaling 9441 
SMYD2  Proteintech 21290-1-AP 
BNSP, Bone sialoprotein 1,  Proteintech 22952-1-AP 
GAPDH Monoclonal antibody  Proteintech 60004-1-Ig 
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[Note 4 . RIPA buffer preparation, Prepare stock solution  of �± NaCl (5 M), 0.5 M 

EDTA, pH 8.0 (0.5 M), 1 M Tris, pH 8.0 (1 M), NP-40 (IGEPAL CA-630), 10% sodium 

deoxycholate, 10% SDS. From the stock solution  �± NaCl (3ml, that is 150 mM of final 

concentration), EDTA, pH 8.0 (1ml, that is 5 mM of final concentration), 1 M Tris, pH 8.0 

(5ml, that is 50 mM of final concentration), NP-40 (IGEPAL CA-630) (1ml, that is 1 % of 

final concentration), 10% sodium deoxycholate (5ml, that is 0.5% of final concentration), 

10% SDS (1ml, that is 0.1% of final concentration), and remining water upto 100ml.]  

2.7 Co-immunoprecipitation   

Immunoprecipitation assay was used for detecting the methylation status of p65. 

Briefly, C3H/10T1/2, (Clone 8 - CCL-226) cells with or without Smyd2 were treated with 

Pi or Bay 598 (Smyd2 inhibitor)447. Forty-eight hours after treatments, cells were lysed 

with RIPA/ M-PER mammalian protein extraction reagent supplemented with protease 

inhibitor cocktail, and the cleared lysates were incubated with specific antibodies (table 

Alpha Tubulin Polyclonal antibody  Proteintech 11224-1-AP 
Vinculin Monoclonal antibody Proteintech 66305-1-Ig 

GPX4 Monoclonal antibody 
Proteintech - 
Mouse / IgG 

67763-1-Ig 

HO-1/HMOX1 Polyclonal antibody,  
Proteintech - 
Rabbit / IgG 

10701-1-AP 

NOX2 Polyclonal antibody,  Proteintech 19013-1-AP 

SOX9  Sigma Millipore 
ABE2868-

25UL 
Anti-monomethyl-Histone H3 (Lys9) Antibody-
H3K9me1 Sigma Millipore 

07-450 

Anti-Histone H4 Antibody, pan,  Sigma Millipore 04-858 
Anti-Histone H3, Acetylated (1-20)  Sigma Millipore 382158 
SOX9 Sigma Millipore AB5535 
RUNX2 Antibody (27-K) Santa Cruz sc-101145 
Paxillin Antibody (B-2) Santa Cruz sc-365379 
Goat IgG Isotype Control ThermoFisher 002 -6202 
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2.8), and magnetic beads (M8823; Sigma) at 4°C overnight. After washing, the bound 

proteins were eluted by boiling in Laemmli sample buffer. Immunoblot analysis was 

conducted to detect the mono-methylated lysine (16479; Cell Signaling Technology), 

dimethylated lysine (14117; Cell Signaling Technology), and trimethylated lysine 

(14680; Cell Signaling Technology), as described earlier. 

2.8 Gene expression analysis  

2.8.1 RNA isolation , cDNA Library Preparation , and Reverse Transcription 

Polymerase Chain Reaction (RT -PCR) 

Freshly collected aortic tissue and in-vitro cultured primary cells were subjected 

to RNA isolation using Qiagen Kit (RNeasy Mini Kit, Cat. No. 74104). Briefly, collected 

aortic tissue (section between the aortic root containing Brachiocephalic artery (BCA), 

Thoracic aorta) were subjected to mixture of RLT and 2-�0�H�U�F�D�S�W�R�H�W�K�D�Q�R�O�����D�O�V�R����-

mercaptoethanol, BME, 2BME, 2-�0�(���R�U����-met) (BME). Final elution was performed 

using Nuclease free water, and total RNA content was quantified using Nanodrop 

(NanoDrop 2000c, Thermo Fisher) 593,594. cDNA library was prepared using 2ug of total 

RNA following company recommendation (iScript�Œ cDNA Synthesis Kit, Biorad, Cat # 

1708890 or Denville cDNA Synthesis Master Mix, Denville, Cat # 1005984). In brief, 2ug 

of Total RNA was diluted with nuclease free water upto 15µl, followed by adding 4 µl 

and 1 µl of 5x iScript Reaction Mix and iScript Reverse Transcriptase respectively. 

Incubate the mixture in thermocycler to undergo multiple steps Priming (5 min at 25ºC), 

Reverse transcription (20 min at 46ºC), RT inactivation (1 min at 95ºC) and hold at 4ºC. 

Synthesis cDNA was diluted to 3.33 ng/µl using nuclease free water, and Real-time 

PCR (Quant Studio, Fast 7500) was performed on either Aortic tissue, or VSMCs 
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primary cells and RAW cells using SYBR-green reagent (5X, Fast SYBR�Œ Green 

Master Mix, Thermo Fisher Scientific Inc. Cat # A25742.  

Expression of calcification associated transcription factor, mineralization inhibitor, 

mineralization facilitator, ferroptosis signaling genes, inflammatory/anti-inflammatory 

markers and Notch pathways genes were evaluated and normalized with cyclophilin 

(Ppia), and GAPDH, Table 2.9 Primers used for gene expression studies. 

Table 2-9 Primers used for gene expression studies  
Gene Forward Primer Reverse Primer 

mRunx
2 

CAACCGAGTCAGTGAGTGCT ACAAAACAAAACGGAGTGAGCAA 

mPse2 GCGGCATCTCCCGCAAAT CAAGACCCAAATGACAGACGC 
mHes1 CGCGGTGATTTCTTCCAGAC ATAAGACCCAGACCGTGGGA 
mHeyl GTCTTGCAGATGACCGTGGA CTCGGGCATCAAAGAACCCT 
mNotch
1 

ACGTAGTCCCACCTGCCTAT CAGGTGCCCTGATTGTAGCA 

mNotch
2 

GTTGATCCCCGTCAGTGTGT CAGGAGGCTGAAGTCGGTTT 

mNotch
3 

AGATGCAGATGCAGACGGAG GCAGGAACCAGTAGTGTGTCA 

mNotch
4 

GTGCCGGGTGTTGTGTAGAT CTCACCCTTTAGTCCCTCAGAAG 

mMgp1 AGAGAGGCCTGCGATGACTA CTGCCTGAAGTAGCGGTTGT 
mMyod GGCTTCAACAGAGAAGGACCC TGTGGCTGATGTAGCTTGGATT 
mMsx2 CTCTCGTCAAGCCCTTCGAG CTCCTGTATCCACGGTGCTC 
mBmp2 ACCATGGGTTTGTGGTGGAA TCTTGGTGCAAAGACCTGCT 
mOsteo
calcin 

GCGCTACCTTGGGTAAGTGG GTCCTGGACATGGGGATTGAC 

mRankl GAGCACGAAAAACTGGTCGG AGGGTTGGACACCTGAATGC 
mScler
ostin 

AGTCGTTGAATCCTGGGGCA TGATCTGTGGGCAGGGTACT 

mSox9 AGCACAAGAAAGACCACCCC CTCCGCTTGTCCGTTCTTCA 
mWnt3
a 

TACAAGCGCGAACGCAAAG CATACAGGAGTGTGCCTGGAG 

mWnt7
a 

GGAGCTCAAAGTGGGGAGTC CTCCAGGATCTTGCTTCTCCT 

mOpg AAGGAACTGCAGTCCGTGAA GTAACGCCCTTCCTCACACT 
mSparc TTTGGCATCAAGGAGCGTGA GGGACAACATCCCATCTCTCA 
mAcan ACCGTTGCAGACATTGACGA TAGCTCGGAAGGCATAAGCA 
mAlp CATTCGGTGGATACACCCCC TGAAGGGCTTCTTGTCCGTG 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 101 

 

mBrd4_
long 

TGGCAGAAGCTCTGGAGAAG TGCCCCTGTTTCTTTCCTCC 

mBrd4_
short 

AAAGCCTGGTGTATCCACGG AGCAGGAAAGGGGTGAGTTG 

Tnf-�. TGTCTACTCCTCAGAGCCCC TCTCTCAATTGACTGTAGGGCA 
IL-6 ATGGATGCTACCAAACTG GAT TGAAGGACTCTGGCTTTGTCT 
�,�/���� TGCCACCTTTTGACAGTGATG TTCTTGTGACCCTGAGCGAC 
mCD68 GCTAGGACCGCTTATAGCCC GGATGGCAGGAGAGTAACGG 
mHmox
1 

ATGGCGTCACTTCGTCAGAG GCTGATCTGGGGTTTCCCTC 

mAcsl3 GGAGCCCGCGGTTATTCTG TTCCAAAGTCAAGGGCTCGG 
mCybb CACACTGACCTCTGCTCCTG AGCATTGAATAGCCCCTCCG 
mAcsl4 CCAGTGGCAGACTCGTAGC TGCCATAGCGTTTTTCTTAGATTT 
mGpx4 TCAAAGGTCCCTGCTGAACC GCCTCCTAGCAGGTTACCAC 
mSlc40
a1 

TCCAACCCGCTCCCATAAG AAAGCTGTCACGGGGTCTTC 

mAcsl6 TCTGTTGTCTACTGCCACGG GTGGGACCACAGGGAAGATG 
mCol2a
1 

TGACATTATCTGTGAAGACCC
AGA 

CCCCTTTGGCCCTAATTTTCCAC 

mCol1a
1 

CGACCTCAAGATGTGCCACT GCAGTAGACCTTGATGGCGT 

mCol1a
2 

TGGTGTTCGTGGTTCTCAGG AAAGTCATAGCCACCTCCGC 

mCol10
a1 

AGGGAGTGCAATCATGGAGC AGGACGAGTGGACGTACTCA 

mCol10
a2 

TGCCCGTGTCTGCTTTTACT GGTCGTAATGCTGCTGCCTA 

 

2.8.2 Chromatin immunoprecipitation (ChIP)  

Freshly collected aorta were used for isolation of cells for ChiP assay, 

alternatively, for RAW cells approx. 104 to 105 cells, following 80% growth, cells were 

treated with Pi for 24 hr. Cells were fixed using 10% formaldehyde (Methanol-free;  

Pierce;  Cat #28906) and ChIP procedure was carried out as previously described 450. 

Cells pellets were sonicated using 10 cycles of 20�´���2�1�������´���2�)�) in a Fisher / Emerson 

Industrial Automation. 5-10 ���J���R�I���D�Q�W�L-Brd4 antibody (ab243862, Abcam), anti-Sox9 

antibody (MilliporeSigma, AB5535), Anti-RUNX2 antibody (ab236639, Abcam) was 
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used for pull-downs. Normal IgG were used as control antibody. qPCR was performing 

on the resulting DNA using the mentioned primers in table 2.10.  

 

Table 2-10 ChIP Primers used for gene expression studies  
Location/ 
Gene 
promoter 

Forward Primer Reverse Primer 

 
Sox9 promoters  

 
mNFAT GGTGCTCGGCTTTGGTTTTC TTCAACGAAGCTGGTGTGGT 
mNFAT -
AP1 

ACCACACCAGCTTCGTTGAA CGCCCGCTGTTCTCTGTAAT 

mAP1-SP1 AAATCCGGTCCAATCAGCGA ACGTTAGATACCTCGGGCCA 
mAP1 GCGTTGAGTCACCCAAACAT GACTTCGCTGGCGTTTACAG 
mRelA 
(p65) 

CTTACACACTCGGACGTCCC GAGAAGGGAGGGGAGCTCA 

mCol10a1 GGCCTCCTGTTTCACGTAGAAT CTGTTTACCGTTTGCTTTGTTAG
TC 

mCol2a1 TTCCAGATGGGCTGAAACC ATTGTGGGAGAGGGGGGTC 
mIGFBP4 GCCTGCTACAGCTTCCAAAC CCGCCGCATCTGAAAGTC 

Msx2 promoters  
mOsteocal
cin 

GGCAGCCTCTGATTGTGTCC TATATCCACTGCCTGAGCGG 

Brd4  promoters  
Alpl CCAGAAAGACACCTTGACTGTGG TCTTGTCCGTGTCGCTCACCAT 
Bglap GCAATAAGGTAGTGAACAGACTC

C 
CCATAGATGCGTTTGTAGGCGG 

Brd2 GTCACATGGCGTGATGGAGG GTGGAGAATCTCAGGCCAGGAC 
Brd4 GGAGGAAAGAAACAGGGGCA GAGTCTGAAGTGGCTGAGGG 
Col1a1 CCTCAGGGTATTGCTGGACAAC CAGAAGGACCTTGTTTGCCAGG 
Gapdh CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG 
Ibsp GAATGGCCTGTGCTTTCTCG CCGGTACTTAAAGACCCCGTT 
Npm1 
promoter 

GCCTTTCATCCTCACGCCTA CGAGGCCACAAAGAGAAAACG 

Omd TGCACATTCAGCAACTCAACC TGCAGTCACAGCCTCAATGT 
Opg ACCCAGAAACTGGTCATCAGC CTGCAATACACACACTCATCACT 
Runx2 CCTGAACTCTGCACCAAGTCCT TCATCTGGCTCAGATAGGAGGG 
Sp7 GGCTTTTCTGCGGCAAGAGGTT CGCTGATGTTTGCTCAAGTGGTC 
Sparc CCCCTCAGCAGACTGAAGTT ACAGGTACCCCTGTCTCCTC 
Spp1 -9kb 
promoter 

AGATGCCGAGTCACACAGAAG GTAAGCCAGACCAGAAGCTGT 

Spp1 -27kb 
promoter 

TGTGTCTGCCTCTACCCAGTTGT
G 

TGAGAAGAGAGGGTGGCAAGCA
GG 
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3 RESULTS - I 

SMYD proteins have been extensively studies in tumor biology such as TNBC, 

Prostate and Colorectal Cancer etc, 448,451,595-600 research on the cardiovascular aspect, 

particularly concerning VSMCs , remains limited and sparse 452,453,575,576,578. In a 

genome-wide association study (GWAS) meta-analysis of abdominal aortic aneurysm 

(AAA) samples from a European ancestry dataset, SMYD2 (with top SNP rs1795061) 

emerged as a significant risk factor for AAA. Moreover, SMYD2 was found to be closely 

linked to atherosclerosis risk in the US cohort of the prospective Atherosclerosis Risk in 

Communities (ARIC) study 601. Building upon these findings, my dissertation focusses 

on investigating SMYD2's role in atherosclerosis, employing two distinct conditional 

knockout mouse models. One model focuses on VSMCs  using Tg(Tagln-cre)1Her (Cre 

#004746, MGI:2446975) while the other targets the myeloid cell lineage encompassing 

mature macrophages, monocytes, and granulocytes (Cre #004781, LyzM/ Lyz2) on 

C57BL/6 ApoE-/- (Strain #:002052) background 588,602. The results from each mouse 

strain are explored independently, encompassing "Results I: Vascular Smooth Muscle 

Cells" and "Results II (Section 3.2): Myeloid Cell Lineage (Macrophages)." 

3.1 Characterization of SMYD2�û�6�0�& ApoE -/- (Vascular smooth muscle cells 

knockout) in atherosclerosis  

3.1.1 Characterization of SMYD2fl/fl  ApoE -/- and SMYD2�û�6�0�& ApoE -/- (Vascular 

smooth muscle cells knockout) fed  with Western diet  

Given the wide-ranging effects of SMYD2 on cellular and biological processes, it 

is crucial to conduct a comprehensive assessment of physiological parameters to 

determine its functional significance. Metabolic disorders are a significant factor in the 
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development of atherosclerosis and are closely associated with elevated body weight 

and increased levels of LDL cholesterol. LDL cholesterol plays a pivotal role in various 

stages of atherosclerosis, including initiating plaque formation, facilitating plaque 

progression, promoting plaque maturation, and contributing to plaque calcification. 

These processes occur alongside LDL oxidation, the induction of low-grade chronic 

inflammation, and the generation of reactive oxygen species (ROS) 603. To 

comprehensively address this, I aimed to collect physiological parameters such as body 

weight measurements at specific time points (0, 6, 10, 14, 18, and 22 weeks), blood 

glucose levels, and serum cholesterol levels (at terminal euthanasia on 10 and 18 

weeks) in mice subjected to a Western diet feeding regimen for up to 26 weeks. This 

comprehensive analysis will provide insights into the dynamic changes in metabolic 

parameters during atherogenic conditions and their potential correlation with SMYD2-

mediated processes. 

The relationship between increased body weight and atherosclerosis has been 

established 604, therefore we closely monitored changes in body weight, cholesterol 

levels, and blood sugar levels in mice. The results depicted in Fig 3.1 reveal that mice 

fed a Western diet (WD) did not exhibit any significant pathological modulation.  

However, upon comparison at 18 and 26 weeks, control (SMYD2fl/fl ApoE-/-) mice 

demonstrated a notable increase in weight compared to the knockout (SMYD2�û�6�0�& 

ApoE-/-) group (Figure 3.1A & B).  

Blood glucose levels serve as an indicator of hypoglycemic condition in mice and 

is indicative of vascular pathogenesis and may lead up to arterial stiffness 605,606. The 

results show that challenging mice with a WD led to elevated blood glucose levels at all 
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timepoints in the control group, whereas knockout mice exhibited significantly lower 

blood glucose levels at 10 weeks and maintained lower levels at 18 or 26 weeks (Figure 

3.1C). Consistent with blood glucose levels, plasma cholesterol levels in mice at 10 and 

18 weeks were significantly reduced in comparison to the control group, though no 

difference was observed in the 26-week mice (Figure 3.1D). This reduction in total 

cholesterol levels points towards a potential metabolic protective effect in SMYD2�û�6�0�& 

ApoE-/- mice. To explore the role of oxidative stress, we measured malondialdehyde 

(MDA), a recognized oxidation biomarker, both in plasma and tissue as thiobarbituric 

acid reactive substances (TBARS) in both genotypes. Elevated TBARS levels (MDA-

µM) are closely associated with cardiovascular risk factors and have gained traction as 

predictive biomarkers of oxidation in CVD patients, surpassing traditional risk factors 

607,608. Our assessment of TBARS (MDA-µM) in both plasma and tissue from the mice 

indicated a substantial reduction in MDA levels within the SMYD2�û�6�0�& ApoE-/- mice 

when compared to the control group (Figure 3.1E). Taken together, our findings suggest 

that the loss of Smyd2 may confer a degree of resistance to WD-induced changes in 

cholesterol concentration, potentially attributed to its role in mitigating oxidative stress in 

both plasma and tissues. 

Clinical manifestations of atherosclerosis are closely associated with metabolic 

dysfunction and fatty liver disease, known as MAFLD or a comprehensive spectrum of 

non-alcoholic steatohepatitis (NASH) 609, along with abnormal glucose tolerance, 

hepatomegaly, and weight gain 610,611. Therefore, to assess this, the raw and percentage 

of whole-body (%WBW) weight of the liver were calculated at each time point (Fig 

3.1F&G). The data indicates that the WD significantly increased liver weight in control 
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mice at 18 and 26 weeks compared to 10-week WD-fed mice. Conversely, SMYD2�û�6�0�& 

ApoE-/- mice liver weight remained comparable to control at 10 weeks, showed a 

significantly lower weight at 18 weeks, but then experienced exponential growth, 

surpassing the control group at 26 weeks (Fig 3.1F&G). This trend suggests that 

SMYD2�û�6�0�& ApoE-/- mice induce protective function through the potential suppression of 

hepatic lipid metabolism, inflammation, or other relevant processes during the early 

stages of atherosclerosis (10-18 weeks or WD) 610-612.  

In investigating the potential impacts of SMYD2 on metabolic dynamics and 

organ-specific responses within the context of atherosclerosis, I examined spleen and 

heart weights to gain further insights. Spleen and heart weights were evaluated to 

determine if there were any notable variations in gross structure, weight, or length for 

these organs (Fig 3.1H&I). These findings contribute to our understanding of the 

complex interplay between SMYD2, and the intricate metabolic processes involved in 

atherosclerosis.  
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Figure 3-1 Metabolic profiling of control ( SMYD2fl/fl ApoE -/-) or knockout 

(SMYD2�û�6�0�&ApoE -/-) mice fed with western diet for 26 weeks.   
A) Body weight showed no significant difference between control (SMYD2fl/fl 

ApoE-/-) and knockout (SMYD2�û�6�0�& ApoE-/-) mice fed a Western diet for 26 weeks. B) 
Change in Body Weight (Initial - Final Weight in gm): At 18 and 26 weeks, control mice 
exhibited notable weight gain compared to knockout mice. C) Blood Glucose (Raw 
Reading from Accu-Check): Control mice on the Western diet showed elevated blood 
glucose levels over time, while knockout mice maintained lower levels at 10, 18, and 26 
weeks. D) Raw Liver Weight (gm): The WD significantly increased control mice's liver 
weight at 18 and 26 weeks compared to 10-week WD-fed mice. E) Percentage Liver of 
Whole-Body (Liver Weight/Body Weight * 100, in gm): SMYD2�û�6�0�& ApoE-/- mice 
exhibited distinct patterns, lower liver weight at 18 weeks and higher at 26 weeks 
compared to controls. F) Spleen Weight (gm): No significant alteration in spleen weight 
observed among both groups. G) Heart Weight (gm): Heart weight showed no aberrant 
changes between control and knockout mice.  

Analysis �± Data shown as mean ± SEM (***p < 0.001; unpaired two-tailed 
�6�W�X�G�H�Q�W�¶�V���W-test;  one/two-way ANOVA, n = 3 for all groups). 

 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 109 

 

Low-grade chronic inflammation plays a critical role in metabolic disturbances 

and the maturation of B and T cells within the spleen. Studies suggest that SMYD2 is 

integral to normal lymphatic development and the survival of hematopoietic leukemia, 

prompting me to measure spleen weight in the mice groups 613. As depicted in Figure 

3.1H, there were no statistically significant differences in spleen weight among the 

groups. However, a noticeable increasing trend in spleen weight hints at the potential 

influence of SMYD2 in spleen-related processes. 

Furthermore, SMYD2 displays robust expression within cardiac tissue and was 

initially identified in cardiomyocytes during embryogenesis 515. To explore this aspect, I 

measured raw heart weight. The results revealed no substantial difference in heart 

weight between the control and knockout mice groups. These combined findings enrich 

our understanding of the multifaceted connections among SMYD2, metabolic dynamics, 

and the responses of specific organs in the intricate landscape of atherosclerosis. 

3.1.2 SMYD2 promote atherosclerosis and calcification of plaque formation 

in western diet fed ApoE -/- mice  

3.1.2.1 En-face Aorta Assessment and Progression of Atherosclerotic 

Lesions   

En-face examination of Oil Red O (ORO) staining along the primary arterial tract, 

spanning from the ascending aorta to the iliac bifurcation (excluding branches), unveiled 

a marked rise in ORO+ve regions over the 0�±26-week period. Atherosclerotic lesions in 

control mice (SMYD2fl/fl ApoE-/-) revealed notably larger ORO+ve regions at 18 and 26 

weeks of Western Diet (WD) consumption (Fig 3.2A&B). Conversely, knockout mice 

(SMYD2�û�6�0�& ApoE-/-) showcased a significant decrease in atherosclerotic lesions, with 
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the most pronounced effect observed in the ascending aorta, aortic arch, and 

descending aorta. This points towards the notion that the absence of SMYD2 within 

VSMCs  curbs diet-triggered atherosclerosis in ApoE�í���í mice (Fig 3.2A&B). 

Furthermore, the illustrated figure underscores that at 18 and 26 weeks, control 

(SMYD2fl/fl ApoE-/-) mice displayed substantially larger ORO+ve regions in comparison to 

knockout mice (SMYD2�û�6�0�& ApoE-/-). Interestingly, during the 10-week WD feeding 

period, an early phase of plaque accumulation was discernible in the knockout 

(SMYD2�û�6�0�& ApoE-/-) group, contrasting the control (SMYD2fl/fl ApoE-/-) group, 

suggesting that, early stage of plaque deposition was observed in knockout 

(SMYD2�û�6�0�& ApoE-/-) group as compared to the control group, but failed to progress 

and attend severity of atherosclerosis 614.  

3.1.2.2 Characterization of Atherosclerotic Plaque in Brachiocephalic Artery 

(BCA)  

Beside genetic predispositions, various factors such as hemodynamics, 

anatomical configurations, and histological attributes of aortic tissues play a significant 

role in the initiation and progression of atherosclerotic plaque 615.  Notably, the arterial 

bifurcation occurring at the aortic root and the common carotid artery, leading to the 

brachiocephalic artery (BCA) at the neck region, holds paramount importance due to its 

influence on blood flow patterns and direction. This region is particularly susceptible to 

the early stages of plaque formation 612,616-618. Studies involving blood flow models have 

highlighted that factors such as vessel diameter, flow rate, and area ratio have a 

significant impact on the establishment of atherosclerotic plaques 619. Thus, the 
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histological assessment of the brachiocephalic artery offers valuable insights into the 

distinctive characteristics of atherosclerotic plaque development. 
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Figure 3-2  En-face Aorta Imaging and Atherosclerotic Lesion 
Quantification .  

A) En-face aorta microphotographs depicting aortic segments from both 
SMYD2fl/fl ApoE-/- and SMYD2�û�6�0�& ApoE-/- mice fed with WD for 26, 18 and 10 weeks, 
stained using Oil Red O for visualization of lipid-rich areas. B). Lesion area 
quantification: % lesion area = (Oil Red O-stained area / Total aortic surface area) x 
100. All data shown as mean ± SEM (***p < 0.001; unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-test; 
 n = 4-5 for all groups) 
 

Control and knockout mice were euthanized using isoflurane, followed by quick 

dissection of aorta, and removal of external fat tissue, and preparation of histological 

sections (Section �± 2.2.1). 5µM (approx.) thick section of aortic root in FFA, were 

stained with hematoxylin and eosin stain (Steps �± 2.3.2). In line with the Oil Red O 

(ORO) staining results, the tissue sections from mice subjected to an 18-week Western 

diet (WD) revealed distinct characteristics indicative of mid-stage atherosclerotic 

plaques (Fig 3.3A&B). Although the total plaque area was notably higher in the 18-week 

WD fed mice, a more focused analysis within the brachiocephalic artery (BCA) region 

highlighted a slight reduction in the total lumen area among knockout (SMYD2�û�6�0�& 

ApoE-/-) mice compared to the control (SMYD2fl/fl ApoE-/-) group. This decrease in lumen 

area was associated with an increase in plaque area. Atherosclerotic plaques are 

enclosed by a layer of VSMCs , constituting a protective fibrous cap (FC). The thickness 

of this cap distinguishes plaques as stable or unstable, with thinner caps being 

susceptible to rupture or erosion, leading to the release of plaque contents into the 

circulation and potential severe consequences such as stroke. Comparatively, the FC 

area in SMYD2-depleted mice showed an increased trend, approaching statistical 

significance, suggesting a potential protective role. Furthermore, in control mice, the 

smaller FC indicated substantial evolution of plaque content within the 
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microenvironment, contributing to complex plaques characterized by a notable decrease 

in lipid core (LC) and an increase in necrotic core (NC) area. This contrasted with 

SMYD2-depleted mice, where LC was higher and NC was lower, indicating that the 

cellular content of these plaques did not progress to the level observed in the control 

group, thereby halting plaque complexity and maturation. Of interest, the plaques of 18-

week WD fed SMYD2 knockout mice exhibited a higher number of foam cells (foam 

core) compared to the control group (Fig 3.3C)., suggesting an earlier stage of 

development in the knockout group relative to the more developed plaques in the 

control group. In the context of late-stage atherosclerotic plaques (Fig 3.4A&B), tissue 

sections from mice subjected to a 26-week WD displayed similar trends as the 18-week 

WD mice, but with greater complexity within the control mice compared to the SMYD2 

knockout mice. Overall, the total plaque and necrotic core (NC) area were notably 

reduced in the knockout mice, while the fibrous cap (FC) and lipid core (LC) area 

exhibited a significant increase. 

In summary, these results indicate that the absence of SMYD2 in early stages 

(10 weeks) is associated with metabolic dysfunction or vascular disease 

(atherosclerosis). Meanwhile, the progression of plaques into mid and late stages is 

significantly impeded in the absence of SMYD2, underscoring the role of SMYD2 in 

atherosclerotic plaque progression, maturation, and complexity. 
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Figure 3-3 Morphology and Distribution of Plaque Area in 18 -Week Western 

Diet -Fed Mice (n=7 -11).  
A) Representative photomicrograph H&E staining comparing control 

(SMYD2fl/flApoE-/-) and knockout (SMYD2�û�6�0�&ApoE-/-) mice. B) Quantification of 
atherosclerotic plaque area, expressed as a percentage of total lumen area (Plaque 
area/Total lumen area × 100). Additionally, fibrous cap area (FC-Fibrous cap/Plaque 
area × 100), lipid core area (LC-Lipid core/Plaque area × 100), and necrotic core area 
(NC-Necrotic core/Plaque area × 100) were determined. C) Assessment of foam cell 
accumulation (*-Foamy cell/Plaque area × 100). NC- Necrotic core, FC- Fibrous cap, 
LC- Lipid core, *- Foamy cell accumulation. Results are presented as mean ± standard 
deviation. Data obtained from 18-week Western Diet-fed mice (n=7-11). 
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Figure 3-4 Morphology and Distribution of Plaque Area in 26 -Week Western 
Diet -Fed Mice (n=7 -11).  

A) Representative photomicrograph H&E staining comparing control 
(SMYD2fl/flApoE-/-) and knockout (SMYD2�û�6�0�&ApoE-/-) mice. B) Quantification of 
atherosclerotic plaque area, expressed as a percentage of total lumen area (Plaque 
area/Total lumen area × 100). Additionally, fibrous cap area (FC-Fibrous cap/Plaque 
area × 100), lipid core area (LC-Lipid core/Plaque area × 100), and necrotic core area 
(NC-Necrotic core/Plaque area × 100) were determined. C) Assessment of foam cell 
accumulation (*-Foamy cell/Plaque area × 100). NC- Necrotic core, FC- Fibrous cap, 
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LC- Lipid core, *- Foamy cell accumulation. Results are presented as mean ± standard 
deviation. Data obtained from 18-week Western Diet-fed mice (n=7-11).      

3.1.2.3 Identification of calcified atherosclerotic plaque  

The microenvironment-driven evolution of plaques can induce VSMCs to adopt 

osteochondrogenic characteristics, while heightened apoptosis of cellular constituents 

gives rise to the creation of calcified nodules rich in hydroxyapatite. Depots of calcium 

nodules within plaque resulted in plaque calfcification While, vascular calcification has 

also been observed in aging individuals and those with metabolic disorders such as 

diabetes, hyperlipidemia, heart valve dysfunction, and kidney conditions, even in the 

absence of atherosclerosis. Calcification in coronary arteries and within plaques serves 

as an independent predictor of cardiovascular events, signifying an active stage of 

plaque advancement and heightened vulnerability. This characteristic stands as a 

significant risk element, contributing markedly to the morbidity and mortality associated 

with cardiovascular diseases 620-622. Calcification of atherosclerotic plaque is divided into 

two major forms: 1. Micro or spotty early staged calcification, 2. Macro or sheet-like late-

stage calcification (Details in Introduction). 

Mice subjected to WD exhibited substantial accumulation of hydroxyapatite, a 

characteristic component of calcification, both within plaques and the vasculature. This 

was visualized using Alizarin Red staining (ARs) and Von-Kossa Silver Nitrate staining 

(VKs) for micro and macro-calcification. In the branchiocephalic artery (BCA) tissue 

from mice fed 18 and 26W WD, ARs staining revealed a notable increase in ARs-

positive staining in control mice compared to knockout mice at both time points (Fig 

3.5A & B). ARs staining is recognized by the reddish coloration of the tissues. Further 

inspection of Fig 3.5A showed that calcification at 26W of WD primarily localized within 
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the plaque, while at 18W WD, it was present in the vasculature (indicated by black 

arrows) along with some areas within plaques in the control group. 

 
Relative to the control group (SMYD2fl/fl ApoE-/-) , knockout (SMYD2�û�6�0�& ApoE-/-) 

mice exhibited significantly lower ARs-positive staining, primarily distributed within the 

plaque area. It's important to note that ARs staining has limitations;  it cannot 

differentiate between micro and macrocalcification sites. Additionally, there might have 

been other micro-calcification sites in the vasculature of 26W WD-fed mice, but due to 

the strong ARs signal, the weaker signals might not have been detected. Moreover, 

ARs is a sensitive yet nonspecific method for identifying calcium hydroxyapatite crystals 

compared to VKs staining. Therefore, we employed VKs staining. Similar to ARs 

staining, VKs staining also revealed a considerable increase in VKs-positive staining in 

both 26 and 18W WD-fed mice (Fig 3.5B & C). Notably, macrocalcification was 

prevalent in mice fed the 26W WD, while the mice fed the 18W WD exhibited micro-

calcification sites (indicated by black pointed arrows). A more detailed analysis of the 

micro-calcification sites suggests that in control mice, these sites predominantly 

localized within the vasculature bed, as compared to the knockout mice. Micro-

calcification in the vascular bed is recognized as a hallmark of metabolic disorders 

associated with vascular complications and serves as an independent risk factor for 

diabetes, hyperlipidemia, and kidney conditions. On the other hand, macrocalcification 

serves as a predictor of morbidity and mortality in CVD patients due to its association 

with plaque rupture or erosion. 
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Figure 3-5 Morphology and Distribution of Calcified Plaque Area ( Alizarin 
Red Positive Area /Plaque Area x 100).   
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A) Alizarin Red Staining in 26-Week Western Diet Regime. B) Alizarin Red 
Staining in 18-Week Western Diet Regime. Data presented as mean ± SEM (p < 0.001; 
unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-test;  n = 7-8 for all groups) 
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Figure 3-6 Morphology and Distribution of Calcified Plaque Area ( Von 
Kossa Positive Area /Plaque Area x 100) .  

A) Von Kossa Staining in 26-Week Western Diet Regime. B) Von Kossa Staining 
in 18-Week Western Diet Regime. C) Quantification of Calcified Plaque Area (Von 
Kossa Positive Area/Plaque Area x 100). The data is presented as mean ± SEM, and 
statistical significance (p < 0.001) was determined using unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-
test. The analysis included n = 7-8 mice for all experimental groups. 

 

3.1.3 SMYD2 promote atherosclerotic plaque formation in Human 

Atherosclerotic Sample  

To explore if SMYD2 promote atherosclerotic plaque formation, and facilitates 

vascular pathology, in the context of atherosclerotic conditions, by employing the Gene 

set enrichment (GSE) dataset (GSE24342, GSE41571,  GSE43292) 7,623,624, and 

corroborated our findings using immunohistochemistry staining of human samples 

(obtained/gifted from Professor Yabing Chen, UAB).  

First, we aimed to elucidate the expression profile of SMYD proteins in the context 

of atherosclerotic conditions, employing the GSE24342 dataset 625. This dataset utilized 

aorta and macrophage tissues obtained from C57BL/6-Ldlr -/- mice subjected to a 
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Western Diet (WD) regimen for 10-11 weeks. RNA extracted from these tissues was 

hybridized to GPL9734 Affymetrix microarrays, followed by re-analysis of the raw data 

to unveil the expression pattern of SMYD family proteins within macrophages and aortic 

tissues.  

Our re-analysis GSE24342 dataset (Fig 3.7A) revealed a significant increase in 

SMYD2 expression in aortic tissues from C57BL/6-Ldlr-/- mice subjected to WD, 

compared to macrophage cells. Atherosclerosis, primarily being driven by the 

phenotypic switch of VSMCS and its participation at each stage of atherosclerosis 

corelates with severity of plaque establishment and progression 7. To further explore the 

contribution of aortic SMYD2 in atherosclerosis and atheroma plaque development, we 

re-evaluated the GSE43292 dataset 623. Ayari and Bricca conducted a comparative 

analysis between atheroma plaque and macroscopically intact tissue. Plaque samples 

encompassed media, neo-intima (without adventitia), and atheroma plaque (including 

plaque core and shoulders). Reanalysis (Fig 3.7B) indicates that both SMYD2 and 

SMYD4 exhibit significant upregulation in the plaque area compared to the intact tissue. 

The augmented expression of SMYD2 in the aortic tissue aligned with an increased 

atherosclerotic burden. Plaque instability, which can result in erosion or rupture, often 

leads to blockages or distal embolization causing events such as myocardial infarction 

(MI) and stroke 624. Hence, the stability of atherosclerotic plaques is crucial for 

cardiovascular disease (CVD) patients.  

In another approach, Lee et al. collected carotid endarterectomy specimens from 

patients, and flash-frozen samples were categorized into ruptured and stable plaque 

conditions 624. Re-analysis of the GSE41571 dataset using GEO2R indicated that 
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SMYD2 is upregulated in stable plaques but diminished in ruptured plaques (Fig 3.7C). 

Interestingly, there was no significant difference in SMYD2 expression between stable 

and unstable plaques, suggesting that SMYD2 may play a role in promoting 

atherosclerosis but might not actively contribute to plaque rupture (Fig 3.7C). These 

findings from GEO2R were further corroborated through Immunohistochemistry (IHC) 

and Immunofluorescence (IF) staining of human tissue samples. SMYD2-positive areas 

(Fig 3.8A) within the plaque area resembled the apoptotic or calcified cells, as indicated 

by heightened hematoxylin staining, in contrast to the normal aortic region. The IHC 

results were further validated through Immunofluorescence staining in Fig 3.8B. 

�1�R�W�D�E�O�\�����F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���S�L�Y�R�W�D�O���U�R�O�H���R�I���.-actin in plaque formation, we employed 

Immunofluorescence staining to visualize (Fig 3.8C-E) �W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���.-actin, CD68 

(a macrophage marker), and RUNX2 (a calcification transcription factor). 
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Figure 3-7 Comparative Smyd2  Expression Analysis in Aorta, 

Macrophages, Hypertensive Patients, and Atherosclerotic Plaques.   
A) Analysis of Aorta and Macrophage from C57BL/6- Ldlr-/- mice (GSE24342) B) 

Analysis of Macroscopically intact tissue and Atheroma plaque collected from 32 
hypertensive patients (GSE43292) C) Analysis of atherosclerotic plaque (Stable Vs 
Ruptured) in carotid endarterectomy specimens excised from 5 ruptured and 6 stable 
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plaques by laser micro-dissection (GSE41571). Results are presented as mean ± 
standard deviation. Statistics, unpaired t-test. 
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Figure 3-8 SMYD2 Expression in Human Atherosclerotic Samples.   
A) Blank without antibody, Control area = Aorta staining, SMYD2 Positive Area = 

SMYD2 immunohistochemistry positive area within the plaque area B) SMYD2, C) 
�&�'���������'�����5�X�Q�[�����(�����.-actin, and Immunofluorescence staining of atherosclerotic plaque. 
Yellow arrow indicates stained protein.  
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3.1.4 SMYD2 promote vascular calcification through transcriptional 

regulation of calcifications associated genes in atherosclerotic plaque  

Mineralization regulating genes promotes calcification of atherosclerotic plaque, 

beginning with loss of VSMC like characters, calcification inhibitory genes and 

upregulation of osteogenic genes expression profile in VSMCs 366. Considering the 

adaptability of VSMCs plasticity to adopt osteochondrogenic traits and building upon the 

prior discovery (section 3.1.2.3), our goal was to identify distinct expression patterns of 

Osteo/Chondrocytic transcription factors and their target genes across the spectrum of 

murine atherosclerotic calcifications, from early (10W) to mid (18W) and late stages 

(26W).  

mRNA analysis of vascular tissue from WD-fed mice indicated that Smyd2 loss in 

VSMCs reduced Sox9 and Msx2 expression significantly in atherosclerotic tissues. 

Runx2 and Bmp2 showed decreasing trends at 18 (Fig. 3.9A) and 26 weeks (Fig. 3.9B) 

on WD, while a reverse trend occurred at the early stage (10 weeks), with increased 

Runx2 and Bmp2 expression but no notable change in Sox9 and Msx2 compared to 

controls (Fig. 3.9C). Intriguingly, a comparative study involving a control mouse group 

(without WD feeding) and subsequent evaluation of transcription factor expression 

changes over a span of 26 weeks underscored a distinctive attribute and the 

significance of Smyd2 in vascular pathobiology. When compared to the control baseline 

(0 weeks), SMYD2�û�6�0�&ApoE-/ mice displayed a significant increase in Runx2 and Bmp2 

expression at the early stage (10 weeks) of WD feeding, whereas in SMYD2fl/flApoE-/- 

mice, the increase remained insignificant. Notably, the expression of Msx2 and Sox9 

remained relatively unaltered across genotypes at this stage (Fig. 3.9D). At the 
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intermediate stage of plaque progression (18 weeks), expression levels of Runx2, 

Bmp2, and Msx2 remained consistent across both genotypes. However, an interesting 

observation arose: the significant downregulation of Sox9, a transcription factor linked to 

early-stage promotion of the Osteo/Chondrocytic phenotype, was seen in 

SMYD2�û�6�0�&ApoE-/- mice compared to SMYD2fl/flApoE-/- mice. This suggests the role of 

SMYD2 in facilitating Sox9 expression (Fig. 3.9D). Furthermore, evaluating the impact 

of Smyd2 on transcription factor expression associated with plaque calcifications at late-

stage atherosclerosis (26 weeks) yielded comparable results to the mid-stage (18 

weeks). Expression levels of Bmp2 exhibited a notable decline, while increased Runx2 

increase remained insignificant between genotypes. At this stage, the disparity in Msx2 

and Sox9 expression between the control and VSMC-Smyd2 depleted mice became 

more pronounced.  

Collectively, the significant increase in Sox9 and Msx2 expression facilitated 

plaque progression and calcification 368, with the supplementation of Runx2 in the 

control group. However, in the absence of Sox9/Msx2 expression in SMYD2�û�6�0�&ApoE-/- 

mice, Runx2 alone proved insufficient to induce plaque calcifications. This 

comprehensive analysis underscores the intricate interplay of transcription factors and 

the pivotal role of Smyd2 in this complex process. 

Subsequently, our focus shifted to a cluster of genes that act as inhibitors of 

mineralization, and when their expression is downregulated, they encourage vascular 

and plaque calcification 626-628. A well-known example is Matrix-gla protein (MGP), a 

vitamin K-dependent tissue-driven protein recognized for its role in inhibiting vascular 

calcification and reducing complications related to cardiovascular disease 629,630. mRNA 
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expression of MGP1 in aortic tissue, we found no significant differences between the 

genotypes for 10 weeks or 26 weeks of WD feeding (Fig 3.10A-C). Despite literature 

suggesting that MGP1 expression is linked to protective effects against calcification, our 

observations diverged as its expression decreased with the initial appearance of micro-

calcification nodules in control mice aged 18 weeks (Fig 3.6B). Osteonectin 

(ON/SPARC), mRNA expression analysis in aortic tissue unveiled significant 

upregulation at the early stage of atherosclerosis in knockout mice compared to the 

control group. However, as plaque progression advanced, SPARC exhibited a 

noteworthy decline, ultimately reaching significance at 26 weeks (Fig 3.10A-C). This 

finding suggests a pivotal role of SPARC in the early stages of inhibiting or neutralizing 

hydroxyapatite and collagen within VSMCs. This activity, in turn, facilitates the activation 

of calcification-associated genes and their targets. 

Further, our findings showed increased OPG at 10W of WD in knockout mice 

compared to the control, which then undergoes significant decline until 26W. Indicating 

OPG expression decreased in late stage calcified plaque (Fig 3.10A-C). Scientific 

literature on the other hand advocates that, depletion of OPG results in sever medial 

calcification of aorta and renal arteries 631, while onset of calcification in these mice 

were protected by exogenous OPG administration at mid-gestational stage not in adult 

632. Suggesting that OPG protect against vascular calcification passively or at cellular 

level, by blocking the action of RANKL predominantly found in calcified vehicles, or by 

activation of ALP in- vitro 633.  

Correlation with previous findings, we also showed that Aggrecan (AGG/ACAN) 

mRNA was significantly upregulated in early stage of atherosclerosis, which then 
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decrease from mid- to final stage of plaque calcifications (Fig 3.10A-C). While literature 

indicates that AGG is associated with major cardiovascular disease including 

atherosclerosis, aortic aneurysms, vascular injury and restenosis, venous hypertension 

etc. 634. At pre-atherosclerotic neointima associate hyperplasia AGG mRNA expression 

is significantly upregulated, while significant reduction is observed in calcified arteries of 

human plaques suggesting AGG regulatory role in plaque progression than established 

conditions. AGG secreted by phenotypically modulated VSMCs promotes apoptosis, 

upregulation of chondrogenic markers including collagen II, and facilitates plaque 

progressions. Compared to stable plaque, cleaved AGG is highly expressed in unstable 

plaque (Data re-analyzed from GSE41571, but not added to thesis) 635-639.  

Next, mRNA expression of sclerostin (Sost) in aortic tissue were also analyzed. 

SOST expression did not differ in early to mid-staged plaque formation, while 

significantly reduced in calcified plaque (Fig 3.10A-C). Sost is expressed widely in 

various cardiovascular tissues including the heart, aorta, coronary arteries, and notably, 

in calcified arteries. Despite its primary role in bone formation, rodent studies have 

highlighted a significant downregulation of aortic sclerostin in abdominal aortic 

aneurysms (AAA), contributing to plaque instability and rupture. Additionally, a 

significant association has been reported between elevated serum sclerostin levels and 

cardiovascular disease (CVD) risk factors. Intriguingly, experiments involving the 

overexpression or external administration of sclerostin have demonstrated protective 

effects against plaque calcification and AAA progression 640,641.  

mRNA analysis of aortic tissue indicates genes responsible for induction or 

inhibition of calcification within the plaque is regulated by coordinated activity of genes 
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involved. As shown in Fig 3.9 transcription factors Runx2 and Bmp2 was significantly 

upregulated at very early stage of atherosclerosis but were not able to induce significant 

calcification plausibly because of higher degree of calcification inhibitor gene expression 

such as Sparc, Opg, Agg followed by Mgp1 in transitory stage of plaque calcification 

(18W). Comparatively by 18 to 26W, Sox9 and Msx2 expression increased significantly 

in control mice with significant inhibition of Sparc, Opg and Sost in Smyd2 knockout 

mice. Furthermore, we also evaluated the expression profile of calcification inducer 

promoter genes such as Bgp, Alp and Rankl as shown in fig 3.10D-F. mRNA analysis 

did not reveal any significant difference among the activator of calcification except Rankl 

in Smyd2 knockout 10W WD fed mice aortic tissue as compared to control. Suggesting 

that loss of Smyd2 induces the expression of calcification inhibitor genes at early stage 

of atherosclerosis and then protect against the severity of plaque calcifications in later 

stage of plaque progression, along with its critical role in transformation of early-stage 

differentiation of VSMCs in osteochondrogenic linage.    
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Figure 3-9 mRNA analysis of calcification inducer transcription factors in 
aortic tissues obtained from control and SMYD2 depleted mice.   

A) Atherosclerotic plaque mRNA analysis among mice fed with WD for 10 to 26 
weeks (Runt-Related Transcription Factor 2 (RUNX2), Bone Morphogenetic Protein 2 
(BMP2), SRY-Box Transcription Factor 9 (SOX9) and Msh Homeobox 2 (MSX2)) B) 
mRNA expression profile among control and SMYD2 depleted mice compared to 0 
week mice (no WD feeding). Results are presented as mean ± standard deviation. 
Statistics, unpaired t-test and two-way ANOVA. 
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Figure 3-10 mRNA analysis of calcification associated genes in aortic 
tissues obtained from control and SMYD2 depleted mice.   

A) Atherosclerotic plaque calcification inhibitor mRNA analysis among mice fed 
with WD for 10, to 26 weeks, Matrix Gla Protein (MGP1), Osteonectin (ON/SPARC), 
Osteoprotegerin (OPG), Aggrecan (AGG), and Sclerostin (SOST). B) Atherosclerotic 
plaque calcification activator gene mRNA analysis among mice fed with WD for 10, to 
26 weeks, Bone Gla Protein (BGP, osteocalcin), Alkaline phosphatase (ALP) and 
�5�H�F�H�S�W�R�U���D�F�W�L�Y�D�W�R�U���R�I���W�K�H���Q�X�F�O�H�D�U���I�D�F�W�R�U�����%���O�L�J�D�Q�G�����5�$�1�.�/�������5�H�V�X�O�W�V���D�U�H���S�U�H�V�H�Q�W�H�G���D�V��
mean ± standard deviation. Statistics, unpaired t-test and two-way ANOVA. 

 

3.1.5 Atherosclerotic plaque calcification induced by SMYD2 is mediated 

by activation of Tumor necrosis factor -�.�����7�1�)-�.������������������������������������������������������������������������������������������������������������������������������������������������������������������������ 

Pleotropic cytokine TNF-�.��has been extensively studied in various diseased 

condition including its role in bone and vascular pathobiology. TNF-�.���P�H�G�L�D�W�H�G��

inflammation is involved in recruitment of leukocytes, early stage of plaque 

establishment, plaque progression & evolution, plaque calcification, plaque rupture and 

interestingly plaque regression in atherosclerosis 175,642,643. Interestingly, Aikawa et. al., 

(2007) identified that very early stage of calcification in ApoE-/- mice is associated with 

inflammatory cytokines 644. Predominantly expressed in macrophages, deletion of TNF-

�.���U�H�V�X�O�W�V���L�Q���V�L�J�Q�L�I�L�F�D�Q�W���U�H�G�X�F�W�L�R�Q���R�I���D�R�U�W�L�F���O�H�V�L�R�Q���V�L�]�H���Z�L�W�K�L�Q���������Z�H�H�N�V���R�I��WD feeding 

645,646. Multiple studies indicate that TNF-�.���V�W�L�P�X�O�D�W�H�G��bovine, human, rat or mouse 

VSMCs results in production of TNAP, increased expression of Msx2, Runx2 and Sox9, 

finally calcium deposition 647. Alternatively, Tnf-�. potentially stimulates secretion of 

Bmp2 through reduction of or inhibition of MGP therefore transactivate VSMCs and 

trigger ECM mineralization 648,649. Furthermore, macrophage studies have highlighted 

SMYD2's role in negatively regulating IL6 and Tnf-�. activation 650. However, its 

influence on VSMCs  remains underexplored. To address this, we conducted mRNA 

analysis of aortic tissue from mice on a Western diet (WD), revealing that Smyd2 loss 
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substantially lowered Tnf-�. expression from weeks 10 to 26 and drastically reduced 

early IL6 expression by over 100-fold, with no noticeable change in �,�/���� expression (fig 

3.11). This implies Smyd2's significance for Tnf-�. activation in both VSMCs and 

macrophages. Interestingly, given Tnf-�. ligand Rankl's role in pro-inflammatory and pro-

calcification pathways leading to plaque calcification, our findings point to SMYD2 loss 

inhibiting both Tnf-�. (Fig 3.11) and Rankl (Fig 3.10b) activation, thereby offering 

protective effects against atherosclerotic plaque calcification. Notably, Rankl, a key 

regulator of osteochondrogenesis, exhibits heightened expression in calcified VSMCs, 

as evident by TRAP-positive multinucleated osteoclast-like cell presence 373 651. 
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Figure 3-11 mRNA analysis of inflammatory cytokines associated with 
calcification of aortic tissues obtained from control and SMYD2 depleted mice.   

A) TNF-�.�����7�X�P�R�U���1�H�F�U�R�V�L�V���)�D�F�W�R�U���$�O�S�K�D�������%�����,�/-6 (Interleukin-6), and C) IL-������
(Interleukin-1 Beta). Results are presented as mean ±  standard deviation. Statistics, 
unpaired t-test and two-way ANOVA 

 

3.1.6 Transcriptional Regulation of Standard in VSMCs: Methylation and 

Phosphorylation of NF -kB Subunit, p65, Inducing Calcification  

SMYD2 mediate methylation of histone and non-histone target proteins including, 

STAT3, NF-kB, TRAF2, histone H3 lysine 4 (H3K4) and lysine 36 (H3K36) 

447,519,598,650,652.  Recently, SMYD2 in co-ordination with Enhancer of Zeste homolog 2 

(EZH2/Ezh2) has been shown to promote mineralization and proliferation of osteoblasts 

through H3K27me3 653. Therefore, we explored if transcription regulation of Sox9 by 

Smyd2 in VSMC is mediated by methylation and phosphorylation of NF-kB subunit, p65 

to induce calcification.  

3.1.6.1 SMYD2 Mediates High -Phosphate -Induced Osteoblast Differentiation 

of VSMCs: In Vitro and Ex Vivo Insights  

Normal pathophysiological concentration of inorganic phosphate (Pi) in 

circulation is approximately 1.3 mM or 1.3 mmol/L, thus, to identify optimum 

concentration of Pi for further experiment, concentration dependent experiment was 

performed using primary cells isolated from control and SMYD2 knockout mice, and 

10T1/2 cells (C3H10T1/2) 654 with or without cholesterol PAz-PC (PAz-PC is one of the 

predominant oxLDL species and may be one of the important structural determinants of 

oxLDL)  

Primary cells isolated from control and smyd2 knockout mice were grown at 70-

80% confluency followed by inorganic phosphate (Pi) treatment (1, 2.5 and 5 mmol/L) in 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 140 

 

SFM (Serum free medium = DMEM +0.5% FBS +1% P/S) for 5-7 days, media was 

changed after every 3 days. AR-staining of primary cells showed that Pi treatment 

significantly increased calcification of VSMCs, while Smyd2 depleted VSMCs lacked 

AR+ve positive staining significantly (Fig 3.12A). Confirmatory experiments were 

performed in 10T1/2 cells with both AR and VK staining (Fig 3.12B&C). To further 

confirm cell in-vitro data, ex-vivo aortic ring experiments were performed using the 

aortic tissue obtained from control and Smyd2 knockout mice. Tissue cut in 1mm ring 

like structure were incubated in inorganic phosphate for 14 days, followed by estimation 

of Ca2+ in aortic ring (Fig 3.12E) tissues. Compared to the control and Pi treated aortic 

tissue showed significant accumulation of Ca2+, however, in Smyd2 depleted aortic 

tissue there was significant reduction in Ca2+ deposition, suggesting that Smyd2 in 

VSMC participate in vascular calcification.  

Atherosclerosis is largely associated with increased level of cholesterol in 

circulation therefore using the optimum concentration of Pi, cholesterol was added in 

dosage dependent manner (5, 15, 25 ug/ml), results (Fig 3.12D) indicate that 

cholesterol in combination with increased Pi promote calcification in control cells as 

compared to SMYD2 knockout cells. Suggesting that SMYD2 promotes calcification of 

VSMC, and loss or depletions of SMYD2 may protect against severity of calcifications, 

further corroboration our in-vivo findings. Findings of our experiments is in accordance 

with previously established norms that Pi can induce significant calcification in VSMCs 

376,655-657.  
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Figure 3-12 SMYD2 drives calcification of VSMCs.   
A) Mouse Primary cells cultured in calcification media for 14 days. B) & C) 

Mesenchymal stem cell (10T1/2 cells) cultured in calcification media for 5-7 days and 
stained with alizarin red and Von Kossa staining (n=5). D) 10T1/2 cells treated with Pi 
and cholesterol (Paz-PC) calcification media for 5-7 days and stained with alizarin red. 
E) Quantification of Ca2+ deposition in control and SMYD2 depleted mice tissues. F) 
C3H/10T1/2 cells were treated with 2.5 mmol/L Pi. G). Control and western diet feeding 
mice aortic tissue western blot and quantification. H) Control and Smyd2 depleted mice 
aortic tissue obtained from 26W western diet feeding and quantification. All data shown 
as mean ± SEM (***p < 0.001; unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-test; n = 4-5 for all 
groups). 
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3.1.6.2  SMYD2 facilitate Osteochondrogenic differentiation of in -vitro and 

in -vivo  

Smooth muscle phenotypic transition towards an osteochondrogenic cell type, 

the upregulation of calcification-related proteins, including SOX9, RUNX2, MSX2, and 

BMP2, has been observed. To understand this phenomenon better, our study aimed to 

elucidate the potential contribution of SMYD2 in facilitating osteochondrogenic 

differentiation. Both in-vitro and in-vivo experiments were conducted to uncover the 

underlying mechanisms. 

In our in-vitro investigations, C3H/10T1/2 cells were exposed to an optimized 

concentration of 2.5 mmol/L inorganic phosphate (Pi). The subsequent analysis through 

protein quantification and immunoblot (Western blot) assays revealed intriguing 

dynamics. Treatment with Pi triggered a rapid and significant increase in the expression 

of SOX9, reaching its peak on Day 3 and gradually declining by Day 5 (Fig 3.12 F). 

Notably, the expression patterns of MSX2 and SMYD2 closely mirrored those of SOX9, 

hinting at a potential role for SMYD2 in activating critical transcription factors like SOX9 

and MSX2, both known to be pivotal in calcification processes. The decrease in SMYD2 

expression coincided with an increase in GLI2 expression. This intriguing finding 

suggested the potential involvement of GLI2 in driving VSMC proliferation towards 

osteochondrogenic lineages, possibly through the G1 cyclin-retinoblastoma axis 658. 

Furthermore, coordination of SOX9 expression revealed its integral role in 

chondrogenesis. The activation of chondrogenesis in bone, governed by SOX9, is 

intricately linked with the SHH/GLI2 signaling pathway. This coordination involves the 
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preferential expression of Col10a1 and paired SOX9�±GLI binding motifs, particularly 

during chondrocyte hypertrophy 659.  

In-vivo study compared aortic tissues of WD-fed SMYD2fl/fl ApoE-/- mice and 

those of SMYD2fl/fl ApoE-/- mice, highlighted the significant impact of diet on gene 

expression. WD feeding led to a substantial increase in the expression of SOX9, MSX2, 

SMYD2, GLI2, and GPX4, suggesting a promotion of calcification, lipid ROS, and 

proteins associated with the mesenchymal lineage (Fig 3.12 G). Interestingly, in 

SMYD2-depleted mice, a significant reduction in the expression of SOX9, MSX2, and 

GLI2 was observed (Fig 3.12 H). 

In conclusion, our findings underscore the pivotal role of SMYD2 in orchestrating 

the de-differentiation of VSMCs into an osteochondrogenic phenotype, with a primary 

influence on SOX9. This research unveils the intricate interplay of signaling pathways 

and regulatory proteins in the context of vascular calcification, providing potential 

avenues for preventing complications associated with calcification. 

3.1.6.3  SMYD2 facilitate Osteochondrogenic differentiation of vascular 

smooth muscle cells (VSMCs)  

Osteochondrogenic differentiation of VSMCs  is an active cell-driven process 

regulated by molecular, and cellular signaling 373. Arterial, medial or plaque calcification 

results in arterial stiffness, reduced elasticity thereby, increase severity of 

cardiovascular pathogenesis 660. Therefore, we aimed to explore if Pi can induce 

calcification of VSMC through upregulation of transcription factors in primary cells. First, 

control cells with or without Pi treatment for 48hr, followed by mRNA analysis of 

transcription factors that facilitate VSMCs-Calcification. 2ug of RNA isolated from 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 147 

 

primary cells were treated with Pi (2.5mmol/L) for 48hr were used to prepare cDNA 

library, mRNA was analyses using 3.33ng/ul of cells cDNA (Section 2.6). As expected 

Runx2, Bmp2, Sox9 and Max2, expression increased significantly responding to 

inorganic phosphate treatment :86,661-663 (Fig 3.13A). Next, to evaluate the role of Smyd2 

in regulation of transcription factors, SMYD2�û�6�0�&ApoE-/- and SMYD2fl/fl ApoE-/- mice 

primary cells were treated with and without Pi were again analyzed. SMYD2�û�6�0�&ApoE-/- 

depleted primary cells were unable to induce transcriptional activation of Runx2, Bmp2, 

Sox9 and Max2 (Fig 3.13B) however, at basal level Runx2 is upregulated in Smyd2 

knockout cells but were not able to induce calcification in VSMCs contradicting the 

norms by Byon et al., (2008) 376. Analysis of collagenase gene target of Sox9 at basal 

level indicates that Smyd2 depletion significantly promotes the expression of Col11a2, 

while inhibited Col10a2 but remain indifferent for Col11a1 (Fig 3.13B). Next, Pi 

treatment promotes the expression of Col11a1, while Col10a2 reduced significantly and 

were remain indifferent to the treatment for Col11a2, in control cells. However, Smyd2-

depleted cells, Pi treatment did not facilitate Col11a1 expression, inhibited Col11a2, 

while remain indifferent for Col10a2.   

Collectively, these results indicated that Smyd2 mediated regulation of Runx2, 

Sox9 and Max2 mRNA, and facilitate osteogenic differentiation and ECMs 

mineralization (increased Col11a2) of VSMCs (VSCMs) in vitro and in vivo 664. Further, 

Li et al., (2008) 254showed that Bmp2 promote osteogenic phenotype of hVSMC through 

activation of Runx2 via increased uptake of phosphate ions and resulting in vascular 

calcifications.  
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Figure 3-13 SMYD2 drives calcification of VSMCs in -vitro   
A) Mouse Primary cells cultured in calcification media for 2 days. B) mRNA 

analysis of calcification inducer transcriptions factors Runx2, Bmp2, Sox9 and Max2 in 
mouse Primary cells with or without SMYD2 cultured in calcification media for 48hr. All 
data shown as mean ± SEM (***p < 0.001; unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-test;  one/two 
way ANOVA,  n = 3-4 for all groups). 
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3.1.6.4 SMYD2 mediate phosphorylation and methylation of p65 in 

C3H10T1/2 

Inflammation is key mediator of atherosclerotic plaque progression leading upto 

plaque calcification. Inflammation mediated activation of NF-���% has been shown to 

promote inorganic phosphate-induced calcification in human aortic smooth muscle cells 

665. TNF-�. being the most potent activator of NF-���% and its downstream heterodimeric 

Rel family proteins including  p50, p52, p65/RelA, c-Rel, and RelB 666, C3H10T1/2 cells 

were treated with 20 ng/ml of TNF-�. for the indicated timepoint (Fig 3.14A). 

Phosphorylated p65 at lysine residue (p65Ser536) saturates within 15 minutes of TNF-�. 

treatments followed by steady decline. Compared to SMYD2, p65Ser536 activation was 

significantly upregulated as expected. Next, to establish the relevance of SMYD2 in 

activation of p65Ser536 SMYD2KD cells and control cells were treated with TNF-�.���I�R�U��������

minutes, followed by western blot analysis. Compared to control (Fig 3.14B), 

phosphorylation of p65Ser536 was significantly reduced in SMYD2 depleted cells, 

indicating that SMYD2 mediates the activation of p65 in C3H10T1/2 cells. Accordingly, 

Li et al., 2018 598 showed that SMYD2 promote proliferation and survival of TNBC cell 

through activation of STAT3 and p65 subunit of NF-���%.  

Methylation of p65 has been widely reported to induce chromatin remodeling 

affecting the gene expressions profile 667. Therefore, we aimed to determine if SMYD2 

mediates methylation of p65 using co-immunoprecipitation (Lysine antibody) and 

followed by western blot (mono-, di-, and tri methylated antibody). Indeed, SMYD2KD 

cells showed that loss of SMYD2 significantly reduced mono and di-methylation of p65 

in 48hr Pi treated cells (Fig 3.14C). Interesting previous literature indicates that SET 
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domain proteins (SET7, SETD6), PRMTs, PRDMs and KDMs methylates p65 at K37, 

K218, K221, K310, K314-15, while type and location of methylation by SMYD2 is not 

reported 598,667,668. Additional experiments are required to evaluate how SMYD2 

mediated methylation and/ or phosphorylation of p65 affects its downstream functioning, 

other than its ability to bind at the promoter of SOX9 in pancreatic cancer stem cells, 

chondrogenic differentiation and endochondral ossification 663,669,670.  

Recent findings indicated that SMYD2 alone or in association with EZH2 may 

participate in proliferation, mineralization of osteoblast and bone metabolism 581,671.  

Therefore, we aimed to evaluate if SMYD2 facilitates p65 recruitment at the Sox9 

promoters and promote calcification of atherosclerotic plaque. Addition to p65, other 

transcription factors may also bind to the promoter of SOX9, however premises of the 

project was only focused on p65 binding site (Fig 3.14D). Results from our ChIP assay 

showed that Smyd2 in VSMC promote the occupancy of p65 at Sox9 promoter that 

facilitate expression of downstream genes required of calcification such as Alkaline 

phosphatase (ALP), collagen type II, alpha1 (Col2a1) 368. Leung et al., 2011 showed 

that Sox9 is required for differentiation stage-specific gene expression in growth plate 

chondrocytes via direct concomitant transactivation and repression 659. SOX9 being the 

master regulator for calcification in bones formation, its role in vascular calcification has 

not been studied in detail. Only a handful of literature identified transcriptional 

upregulation of SOX9 in arteriosclerotic vessels, neointima hyperplasia, VSMCs 

transdifferentiation/ phenotypic switch into chondrocytes, intimal calcification 73,368,369,672. 

Furthermore, Augstein et al., 2018 showed that SOX9 expression was limited to 

proliferating and migratory VSMCs rather than macrophages 368.  
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Figure 3-14 SMYD2 mediate phosphorylation and methylation of p65 in 
C3H10T1/2. 

 �$�����7�1�)�.���W�U�H�D�W�P�H�Q�W���S�U�R�P�R�W�H���S�������S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q���L�Q���&���+�����7�����������%����SMYD2 
depletion reduced the phosphorylation of p65ser563. C) Pi induced mono-, di-
methylation of p65 was reduced in SMYD2 depleted cells. D) Sox9 promoter, and site 
for binding of p65 and other. E) Nuclear and cytoplasmic fraction of C3H10T1/2 cells 
treated with Pi, p65 phosphorylation and quantification. F) Transcription factor analysis 
in control and Smyd2 depleted cells treated with or without Pi. Data shown as mean ± 
SEM (***p < 0.001; unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-test; one/two-way ANOVA,  n = 3 for 
all groups). 

3.1.7 Smyd2  Deficiency Mitigates Atherosclerotic Plaque Formation by 

Modulating Oxidative Stress   

Accumulated oxidized lipids in arterial walls significantly contribute to 

atherosclerosis and is mediated by hydroperoxide scavenger such as Glutathione 
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peroxidase-4 (GPx4), effectively removing oxidative modifications from lipids like free 

fatty acids, cholesterols, and phospholipids. Endogenously peroxides, including 

hydrogen peroxide (H2O2) and lipid hydroperoxides, are involved in atherosclerosis 

through two key mechanisms: inducing oxidative changes in lipoproteins like LDL and 

increasing the sensitivity of vascular cells to oxidized LDL and lipid components. 

Mechanistically, H2O2 released from vascular cells can oxidize LDL in vitro. 

Furthermore, recent findings on the reduction of atherosclerotic lesions and oxidized 

�O�L�S�L�G���O�H�Y�H�O�V���L�Q���$�S�R�(�í���í���P�L�F�H���X�S�R�Q���R�Y�H�U�H�[�S�U�H�V�V�L�Q�J���F�D�W�D�O�D�V�H�����D�Q���+���2�����V�F�D�Y�H�Q�J�H�U����

suggest a promising treatment strategy for atherosclerosis 673-676. 

To address if Smyd2 deficiency can mitigate the severity of atherosclerotic 

plaque formation by modulating oxidative stress through the GPX4/NRF2/HO-1 axis. To 

assess this, we initially reanalyzed the bulk RNA-seq data obtained from our previous 

study comparing SMYD2 flox vs SMYD2 depleted VSMCs, FPKM (Fragments Per 

Kilobase of transcript per Million mapped reads) were significantly upregulated for 

ferroptosis associated genes such as Trf, Hmox1 (HO-1), Acsl3, Cybb (NOX2) and 

previous unrecognized sequence that resembles very close to ACSL4 

(BGI_novel_T012089/ BGI_novel_G000997), GPX4 (BGI_novel_T006649/ 

BGI_novel_G000470), while three transcripts were significantly reduced such Slc40a1, 

Acsl6 (BGI_novel_T012090/ BGI_novel_G000998) and Acsl6 (Fig 3.15A). Furthermore, 

immunofluorescence assay (Fig 3.15B) were used for confirmation of gene expression. 

Compared to control mice, SMYD2�û�6�0�& ApoE-/- knockout mice showed significant 

increase in expression of NOX2, GPX4, NRF2 and HO-1, while the increased 

expression was primarily localized in the medial layer of the vasculature (Yellow 
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arrows), while in control proteins significant reduction of these proteins and were 

localizes on the plaque cap (Yellow arrow). Next, Thiobarbituric Acid Reactive 

Substances (TBARS) assay was performed to screen and monitor lipid peroxidation, 

indicated by the presence of Malondialdehyde (MDA), a natural product of lipid 

peroxidation (Fig 3.15C and Fig 3.1E). Higher TBARS values are indicative of lipids with 

greater unsaturation. TBARS assay indicates significant increases in MDA-µM 

concentration in SMYD2 depleted plasma and tissues from mice fed with WD for 26 

weeks (Fig 3.15C and Fig 3.1E). Aortic tissue lysate obtained from mice fed a Western 

diet (WD) was subjected to western blot analysis, confirming increased expression of 

GPX4, a rate-limiting enzyme that converts lipid peroxides (L-OOH) to non-toxic lipids 

677, as well as HO-1, which catalyzes the breakdown of heme into biliverdin, carbon 

monoxide (CO), and free iron, each playing crucial roles in exerting potent anti-oxidative 

stress and anti-inflammatory functions 678. Results (Fig 3.15D and Fig 3.12H) indicate 

that, loss of Smyd2 significantly increased the expression of GPX4 and HO-1 in aortic 

tissue to impart partial protection against severity of atherosclerosis. 

Furthermore, invitro studies conducted using C3H/10T1/2 indicated that SMYD2 

protect against oxidative stress either via reduced ER stress and, or increased 

expression of HO-1 and GPX4. First, Thapsigargin (TG, 0.25µM/4hr) induced ER stress 

�Z�D�V���P�H�D�V�X�U�H�G���E�\���H�Y�D�O�X�D�W�L�Q�J���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���,�5�(���.���L�Q���:�7���D�Q�G��SMYD2 depleted 

C3H/10T1/2 cells, as indicated by western-blot and intensity quantification (Fig. 3-15E). 

As expected, TG significantly induces �W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���,�5�(���.���L�Q���F�R�Q�W�U�R�O���F�H�O�O�V���Z�K�L�O�H���W�K�H��

10T2KO did not induce ER stress, which was also genetic manipulation of SMYD2 by 

loss/gain of SMYD2 function in WT cells (Fig. 3-15E). While ER stress inducer activated 
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�,�5�(���.���E�X�W���G�L�G���Q�R�W���D�O�W�H�U���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���*�3�;�����D�Q�G���+�2-1 in treatment groups, however 

the 10T2KO at basal level showed significant increase in HO-1 (Fig. 3-15F). Therefore, 

we evaluated ferroptosis mediated oxidative stress, which aligned with our bulk RNA-

seq findings (Fig. 3-15A). WT cells treated with ferroptosis inducer/inhibitor molecules 

such as ferrostatin-1 (2uM/24hr) and RSL-3 (0.8mM/24hr) and modified form of oxLDL 

(PAz-PC, 15ug/48hr), results (Fig. 3-15G) indicates that ferrostatin-1, and ox-LDL 

significantly upregulated the IRE1�. expression while RSL-3 did not change its 

expression so as SMYD2 except oxLDL. However, when SMYD2 knockout group was 

added to experiments, there was a significant reduction in IRE1�. with increased 

expression of HO-1 and GPX4 (Fig. 3-15H & I), additional proteins were evaluated but 

not carried forward in this thesis (Future plan). NRF2, master transcription factor is 

known to mitigate oxidative stress in cellular response and interaction with HO-1 help 

neutralize oxidative stress. Therefore, a Co-immunoprecipitation assay was performed 

to evaluate if SMYD2 or its methyltransferase activity participate in its interaction. 

Pharmacological inhibition of SMYD2 methyltransferase activity (Fig. 3-15J) increased 

the expression of NRF2, while HO-1 was reduced suggesting that methyltransferase 

activity of SMYD2 is required for the interaction of HO1-NRF2. Collectively, genetic 

inhibition of SMYD2 increase NRF2 (in-vivo) and HO-1 (in-vitro and in-vivo), while its 

loss of function may activate non-canonical pathway to mediate oxidative stress, 

possibly via NOX2.   

Interestingly, SMYD2 as protein shows has context and cell specific function as 

shown in our previous and current work. SMYD2 depletion in VSMCs results in 

increased ferroptosis related genes, and significant increase in ApoE genes. However, 
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global knockdown of ApoE and VSMCs specific SMYD2 depletion results in 

suppression of HO-1, GPX4 and NOX2. Suggesting that SMYD2 facilitates 

atherosclerosis in control mice while, deletion of SMYD2 suppresses atherosclerosis, 

while SMYD2-ApoE axis needs to be further evaluated.  
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Figure 3-15 SMYD2 mitigate the severity of atherosclerotic plaque 
formation by modulating oxidative stress through the GPX4/NRF2/HO -1 axis.   

A) Bulk-RNA-seq data analysis of ferroptosis associated genes. B) 
Immunofluorescence staining of atherosclerotic plaque for Nucleus (DAPI), GPX4 
(Green) and NRF2 (Red). B) HO-1 (Red). C) NOX2 (Red). C) TBARS assay in WD fed 
mice blood plasm and aortic tissues obtained from 26W-WD fed mice. D) Western blot 
analysis of GPX4 and HO-1 on 26W-WD fed mice. E) Thapsigargin (TG, 0.25µM/4hr) 
induced ER stress in 10T ½ cells with or without SMYD2, or over expression of SMYD2. 
F) TG treatment suppress GPX4 and HO-1 in SMYD2 depleted cells. G) Ferroptosis 
inducer/inhibitor and oxLDL treatment results in increase ER stress in 10T ½ cells. H) 
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SMYD2 depleted 10T ½ cells mitigate ER stress induced by ferrostatin, RSL-3 and 
oxLDL. I) Increased expression of HO-1 in 10T ½ cells to mitigate oxidative stress. J) 
Co-immunoprecipitation using control and SMYD2 inhibitor shows SMYD2 interaction 
with NRF2 is dependent on its methyltransferase activity. K) Ferroptosis associated 
gene analysis using qPCR in Control and 26W-WD fed mice aortic tissues. Data shown 
as mean ± SEM (***p < 0.001; unpaired two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-test; one/two-way 
ANOVA, n = 3 for all groups). 
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3.2 Characterization of SMYD2�û�0�-  ApoE -/- (myeloid  knockout)  in Atherosclerosis  

Macrophages alone or in association with VSMCs plays a central role in 

atherosclerotic cardiovascular disease through dedifferentiation of VSMCs into 

macrophage-like cells, or recruitment into the intimal space 679. Predominantly derived 

from circulating monocytes, number of circulating macrophages increase by 20-fold 

during atherosclerosis 4. The accumulation of lipoprotein-laden macrophages within 

arterial walls marks the earliest phase of atherosclerotic cardiovascular disease, giving 

rise to foam cells. These foam cells persist and proliferate within a specific 

microenvironment, thereby sustaining the growth of atherosclerotic plaques 680. The 

interaction between lipid-loaded macrophages and VSMCs yields a cascade of effects, 

including localized and systemic vascular inflammation, lipoprotein retention, and the 

modulation of ECMs components 681. The absence of macrophage-derived efferocytosis 

leads to the accumulation of apoptotic cells and the establishment of a hypoxic 

environment. This combination fosters the formation of necrotic cores and the 

subsequent calcification of atherosclerotic plaques 60,680-682. Notably, the literature 

highlights the significant upregulation of the master transcriptional regulator of 

osteochondrogenic differentiation, RUNX2, in calcified VSMCs 662,683. Further 

exploration into chondrogenic differentiation has revealed the necessity of the 

epigenetic regulator BRD4 for the expression of Sox9, Runx2, and their downstream 

targets, such as Col2a1, Acan, Mmp13, and Sp7/Osx. These targets are essential for 

the maturation of bone cells 684. Considering the pivotal role that macrophages play in 

atherosclerosis and plaque calcification, Project II aims to shed light on the novel role of 
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SMYD2-macrophage interactions in the context of atherosclerosis and plaque 

calcification.   

3.2.1 Characterization of SMYD2�û�0�-  ApoE -/- (myeloid  knockout)  fed with 

Western diet  

Recent literatures apart from cancer biology extrapolate that SMYD2 may protect 

against non-alcoholic steatohepatitis (NASH), methylate H3K4me1 to induce hyper-

methylated chromatin state promoting vascular senescence, adipogenesis and 

osteoblast proliferation and mineralization 516,577,581,582,685. In this project (Project II) we 

aim to decipher the previously unexplored role of monocyte specific SMYD2 deletion in 

cardiometabolic disease including atherosclerosis.    
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Figure 3-16 Metabolic profiling of control ( SMYD2fl/fl ApoE -/- ) or knockout 
(SMYD2�û�0�-  ApoE -/-) mice fed with western diet for 26 weeks.   

A. Body weight (gm) B. Survival curve C. Change in the body weight (Initial 
weight �± Final weight in gm) D. Blood glucose (Raw reading from Accu-Check) E. Raw 
liver weight (gm) F. Percentage liver of whole-body (Liver weight/body weight * 100, in 
gm) G. Spleen weight (gm) H. Spleen length (gm) I. Kidney Weight (gm). J. Percentage 
kidney of whole-body (Liver weight/body weight * 100, in gm) K. Adipose tissue (IWAT + 
EWAT) (gm). L. Percentage Adipose tissue of whole-body (Liver weight/body weight * 
100, in gm). Analysis �± Body weight was analyzed using 2-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V��
multiple comparison), or Unpaired t-�W�H�V�W���:�H�O�F�K�¶�V���W�H�V�W�����D�O�S�K�D�������������������
�������������������
�
������������������
*** < 0.0001) 

 

Age and body weight matched control (SMYD2fl/flApoE-/-) and knockout 

(SMYD2�û�0�-  ApoE-/-) mice fed with western diet for different time point (10-, 18-, or 26 
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Weeks). WD feed mice showed a rapid increase in BW until week 26 in control, 

however, the knockout mice showed significant reduction of BW gain starting week 14W 

upto 26 W (Fig 3.16 A).  A similar trend was observed in total blood glucose (Fig 3.16 D) 

in knockout mice compared to control group. Suggesting that SMYD2 depleted 

macrophage may contribute significantly to cardiometabolic syndrome independent of 

total cholesterol level (increased plaque burden in knockout mice as compared to 

control). Further, there was significant reduction in absolute liver, kidney, adipocyte 

(IWAT+EWAT) weight and tissue to BW ratio, indicating that macrophages-SMYD2 

plays an essential role in these tissue types under WD regime (Fig 3.16 G). Suggesting 

that despite decreased BW, SMYD2-KO mice may have developed metabolic syndrome 

because of residual inflammatory signal is in accordance with Sun et al 2011 and 

Fischer et al., 2017 686,687.  

In the �D�E�V�H�Q�F�H���R�I���V�L�J�Q�L�I�L�F�D�Q�W���V�F�L�H�Q�W�L�I�L�F���O�L�W�H�U�D�W�X�U�H���R�Q���--SMYD2-KO in WD fed 

mice, we also evaluated the Spleen and Kidney. A very significant increase in spleen 

weight and length in WD fed SMYD2-KO mice as compared to control mice (Fig 3.16 E 

& F, Fig 3.18). Literature indicates that splenomegaly is commonly observed in WD. We 

did not evaluate the cellular content of splenomegaly for this project but will be studied 

�L�Q���I�X�W�X�U�H�����/�L�W�H�U�D�W�X�U�H���L�Q�G�L�F�D�W�H�V���W�K�D�W���P�D�F�U�R�S�K�D�J�H���L�Q�I�L�O�W�U�D�W�L�R�Q���L�Q���J�O�R�P�H�U�X�O�L���L�Q���$�S�R�(�í���í���P�L�F�H��

with no difference in efferent and afferent arterioles, resulting in damaged kidney 688. 

Alternative studies indicates that, SMYD2 mediate conversion of epithelial cells to a 

profibrotic phenotype, renal fibroblast activation, Autosomal dominant polycystic kidney 

disease and renal fibrogenesis through various mechanisms indicating, SMYD2 as a 

potential target for kidney disease 500,506,689,690.  
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Furthermore, we observed unexpected death of 9 (Nine) �- -SMYD2-KO mice 

during different time point (Fig 3.16 B). Among the time point maximum number of 5 

mice died by 10W of WD feeding, visual examination of internal organ indicated partial 

definitive indication reasons for mice death. Dead �- -SMYD2-KO mice (Fig 3.17) 

showed developmental defect ranging from one kidney or the kidney missing the 

internal morphology (mice 4, Fig 3.17C), sternum fussed with the abdomen skin (mice 5, 

Fig 3.17D), and enlarged heart chambers (mice 1 and 2, Fig 3.17A & B) or dilated heart 

vessels. Mechanistic and functional relevance of �- -SMYD2-KO in different organ 

system need additional studies (planned our future study). However, we and others 

have shown that, global or conditional knockout of SMYD2 is not lethal and do not result 

in morphological abnormality 452,509,691-693.  
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Figure 3-17 Morphological and developmental defect in knockout 
(SMYD2�û�0�-ApoE -/-) mice fed with western diet for 10 weeks resulted in mice 
death . 

A). Mice 1 �± Blood clot at the micro-vessels B-C). Mice 2 & 3 �± Left ventricular 
hypertrophy  D). Mice 4 �±Defective kidney  E). Mice 5 �± Sternum fussed with the 
abdomen skin. Statical Analysis �± one and two-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H��
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comparison), or Unpaired t-�W�H�V�W���:�H�O�F�K�¶�V���W�H�V�W�����D�O�S�K�D�������������������
�������������������
�
�������������������
�
�
������
0.0001) 

 

 
 
Figure 3-18 Splenomegaly among the control ( SMYD2fl/fl ApoE -/- ) or 

knockout ( SMYD2�û�0�-ApoE -/-) mice fed with western diet for 26 weeks.   
A) Representative images of spleen B). Quantification of spleen size/length. 

Statical Analysis �± one and two-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�������R�U���8�Q�S�D�L�U�H�G��
t-�W�H�V�W���:�H�O�F�K�¶�V���W�H�V�W�����D�O�S�K�D�������������������
�������������������
�
�������������������
�
�
�������������������� 

 
 

3.2.2   �- -SMYD2 protect against  atherosclerosis in western diet fed ApoE -/- 

mice  

Organ and pathogenic condition specific function of SMYD2 makes it an interesting 

protein to study, as in results we showed that loss of SMYD2 in VSMCs protected 

against vascular pathology while if depleted in macrophages, precisely the monocytes 

there is a significant increase in in plaque burden in knockout mice compared to the 

control. ORO staining or visual examination (Fig 3.19)�����V�K�R�Z�V���W�K�D�W���--SMYD2-KO 

showed significant increase in ORO+ area (Fig 3.19 E), in addition to other pathological 
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conditions as demonstrated by increased aortic plaque burden at BCA (Red arrow), 

increased diameter of descending aorta (Fig 3.19A), deposition of calcium nodules in 

the heart (Yellow arrow) (Fig 3.19B), however this phenomenon was only observed in 

less than 10% of mouse population (Fig 3.19B). Collectively, these �L�Q�I�R�U�P�D�W�L�R�Q�¶�V 

indicate that monocyte specific deletion of SMYD2 may facilitate calcification in the 

vasculature and associated organs in WD fed mice. Calcified heart indicated increased 

complication related to CVD, is a known factors of mortality and morbidity.   
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Figure 3-19 Pathophysiological burden in control ( SMYD2fl/fl ApoE -/-) or 

knockout ( SMYD2�û�0�-ApoE -/-) mice fed with western diet for 26 weeks.   
A) Aortic plaque burden at BCA and increased diameter of descending aorta B. 

Calcified heart in less than 10% mice (Yellow arrow) C. Aortic plaque burden in whole 
aorta (10-18w) western diet fed mice (Yellow arrow) D. Oil Red O positive staining of 
aorta in 26W WD fed mice (Zoomed). E. Quantification of plaque positive area in whole 
aorta. Statical Analysis �± one and two-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�������R�U��
Unpaired t-�W�H�V�W���:�H�O�F�K�¶�V���W�H�V�W�����D�O�S�K�D�������������������
�������������������
�
�������������������
�
�
�������������������� 

 

3.2.2.1 Determine and characterize atherosclerotic plaque burden in Western Diet 

fed mice  

The ORO staining in freshly collected aorta from WD fed mice showed (Fig 3.19E 

& F). �V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���2�5�2���S�R�V�L�W�L�Y�H���D�U�H�D���L�Q���--SMYD2-KO mice fed with WD. 

Plaque depots in 10 and 18W mice were marked with yellow arrow, while in 26W aorta 

plaque depot are stained red by ORO. Following ORO, H&E staining was performed to 

evaluate pathological remodeling of VSMC and macrophages during atherosclerosis. 

H&E staining indicated that there was significant reduction in total lumen and lipid core 

area, while significantly increased total plaque, plaque cap, and necrotic core in �- -

SMYD2-KO mice (Fig 3.20). Reduced lumen area indicates larger plaque size, while 

reduction in total lipid core indicates pathogenic remodeling of the plaque core into 

necrosis and calcification stage, can be identified as late-stage stable atherosclerosis 

(Fig 3.20).    
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Figure 3-20 Morphological characterization of atherosclerotic plaque 
burden of control ( SMYD2fl/fl ApoE -/- ) or knockout ( SMYD2�û�0�-ApoE -/-) mice fed with 
western diet for 26 weeks .  

A) % Plaque area B. % Aorta thickness C. % Lumen Aorta D. Fibrous cap/Total 
plaque E. Lipid core/Total plaque F. Necrotic Core/ Total plaque G. Foam cells/Total 
Plaque. Statical Analysis �± one and two-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H���F�R�P�S�D�U�L�V�R�Q�������R�U��
Unpaired t-�W�H�V�W���:�H�O�F�K�¶�V���W�H�V�W�����D�O�S�K�D�������������������
�������������������
�
�������������������
�
�
�������������������� 
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3.2.3 SMYD2 inhibits calcification of vasculature in western diet fed ApoE -

/- mice  

Calcification of vasculature is identified as a key factor associated with mortality 

and morbidity among the CVD or ASCVD patients. Owing to the specific advantage of 

VKs and ARs staining techniques, VKs showed the presence of micro and macro 

calcification site and its distribution while, ARs indicated overall calcification sites. A 

s�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���P�L�F�U�R���D�Q�G���P�D�F�U�R���F�D�O�F�L�I�L�F�D�W�L�R�Q���V�L�W�H���L�Q���--SMYD2-KO mice were 

observed as compared to the control group (Fig 3.21). Interestingly, a larger data set 

indicated an increase in macrocalcification within the plaque while the microcalcification 

nodules were largely dispersed in the plaque bed, and vascular walls (Fig 3.21 A) 694. 

Furthermore, ARs is used for confirmation of VKs staining, �- -SMYD2-KO mice showed 

calcium deposits (except oxalate) �± orange red (Fig 3.22). Calcified vasculature is 

associated with wider ranges of pathological severity were observed in �- -SMYD2-KO 

mice, including but not limited to hypertensions.   

Furthermore, wire myograph experiment conducted on freshly collected aortic 

tissues indicated that there was a significant reduction in baseline tension of aortic 

tissues in �- -SMYD2-KO mice as compared to the control group, when incubated with 

SNP (Fig 3.21 B-C). While, during relaxation, SNP did not fully relaxed pre-constricted 

vessels (U46619) indicating impairment in relaxation of �- -SMYD2-KO mice tissues, as 

compared to control group. 
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Figure 3-21 Representative photomicrograph of calcification in the 26 -
week-WD fed SMYD2fl/fl ApoE -/- and SMYD2�û�0�-ApoE -/- mice aorta by Von Kossa 
staining.   

A) Black arrows indicate micro-calcification. B) Red arrows indicate macro-
calcification. C) Decreased baseline tension in response to SNP D) % of U46619 
precontraction decrease. Data shown as mean ± SME (n=3-6). Statistical analyses: 
unpaired t-tests, two-way ANOVA.  

 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 177 

 

 

Figure 3-22 Representative photomicrograph of calcification in the 26 -
week-WD fed SMYD2fl/fl ApoE -/- and SMYD2�û�0�-ApoE -/- mice aorta by Alizarin Red 
Staining (ARs).  

 

3.2.4 SMYD2 inhibit calcification associated transcription factors in 

vasculature  

Depletion of SMYD2 in VSMCs  resulted in a significant suppression of 

calcification within the vasculature and plaque calcification. Given this observation, we 
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aimed to evaluate the crosstalk between macrophage and VSMCs by studying the 

transcription factors, and genes relevant to calcification regulation in control and �- -

SMYD2-KO mice tissues. Sufficient regulator for osteogenic differentiation of vascular 

calcification, Runt-related transcription factor 2 (Runx2) plays an essential role 373. 

mRNA analysis (Fig 3.23) reveals a substantial and statistically significant upregulation 

of Runx2 and Bmp2 �L�Q���--SMYD2-KO mice tissues in contrast to the control group (Fig 

3.23 A). This upregulation aligns with the observed escalation in vascular and plaque 

calcification. Conversely, Msx2 demonstrates an ascending trend, while Sox9 exhibits a 

descending trend;  however, these trends lack statistical significance in this context. 

Available scientific literature underscore that increased expression of Runx2/Bmp2 is 

associated with direct or indirect suppression or activation of calcification regulator 

genes (Mgp1, Sparc, Opg, Agg, Sost, Alp, and Rankl). mRNA analysis of control and �- -

SMYD2-KO mice tissues indicated that to our surprise, First, calcification inhibitor gene 

Mgp1 and Opg increased significantly, while others (Sparc, Agg, and Sost) remains 

unaltered (Fig 3.23 B). Second, the calcification inducer gene Alp expression 

decreased, while Rankl expression increased significantly (Fig 3.23 C). Collectively, 

these results indicated that Smyd2 may play a critical role in Runx2/ Rankl/ Opg 

pathway, as indicated in Induction of osteoclast differentiation studies 695.  
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Figure 3-23 SMYD2 Modulates Calcification -Associated genes in VSMCs 
�R�E�W�D�L�Q�H�G���I�U�R�P���F�R�Q�W�U�R�O���D�Q�G���--SMYD2-KO mice tissues fed with Western Diet for 26 
weeks.  This figure depicts the influence of SMYD2 depletion on calcification -
related transcription factors in VSMCs. SMYD2 depletion reduces vascular and 
plaque calcification.   

A) Transcription Factor Analysis, (Runt-Related Transcription Factor 2 (Runx2), 
Bone Morphogenetic Protein 2 (Bmp2), SRY-Box Transcription Factor 9 (Sox9) and 
Msh Homeobox 2 (Msx2)). B). Calcification inhibitor genes that mitigate accumulation of 
calcium nodules, Matrix Gla Protein (Mgp1), Osteonectin (On/Sparc), Osteoprotegerin 
(Opg), Aggrecan (Agg), and Sclerostin (Sost). C) Vascular and plaque calcification 
activator mRNA analysis, Alkaline phosphatase (Alp) and Receptor activator of the 
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�Q�X�F�O�H�D�U���I�D�F�W�R�U�����%���O�L�J�D�Q�G�����5�D�Q�N�O�������,�Q�W�H�U�O�H�X�N�L�Q��-6. Results are presented as mean ± 
standard deviation n=3-6. Statistics, unpaired t-test and two-way ANOVA.   
 

 

3.2.5 SMYD2 mediated transcriptional regulation of Runx2  and Brd4 inhibit  

calcification in -vivo    

BET proteins, particularly BRD4, have been demonstrated to enhance VSMC 

transdifferentiation and matrix mineralization. Notably, BRD4 appears to collaborate 

with specific transcription factors, including RUNX2, ALPL, WNT5A, and MGP, to drive 

transdifferentiation and foster calcification 696. Structurally BRD4 has been shown to 

exist in two isoforms, a long isoform (BRD4L) has an extended C terminus that binds 

transcription cofactors, while the short isoform (BRD4S) lacks this C-terminal extension, 

while its gene transcription function remains largely unclear 697. Therefore, gene 

expression of BRD4 was evaluated in VSMCs obtained from WD fed mice. mRNA and 

western blot analysis (Fig 3.24) showed significant increase in BRD4_Short isoform in 

�- -SMYD2-KO mice tissues when fed with WD, as compared to control (Fig 3.24 B). 

While Brd4_Long form showed increasing trend but remain insignificant (Fig 3.24 B).  

Furthermore, qPCR data were confirmed using primary cells isolated from control and 

�- -SMYD2-KO mice and depicts that short form of Brd4 is significantly upregulated in 

knockout cells (depicted in Fig 3.24b). Collectively, there is increased expression of 

Brd4, Runx2, and Mgp1 expression in WD fed mice in Smyd2 depleted mice, indicating 

significant crosstalk between macrophage and VSMCs in pathogenic condition.  
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Figure 3-24 Transcript Analysis of VSMCs (VSMCs) isolated from control 
�D�Q�G���--SMYD2-KO mice tissues after 26 weeks of being fed a Western Diet (WD).   

A) The mRNA expression of BRD4 in aortic tissue is shown, highlighting the 
alterations in BRD4 levels in response to the experimental conditions. B) Western blot 
analysis was conducted on primary cells obtained from both control and knockout mice. 
The blot provides insights into the protein expression patterns in relation to SMYD2 
knockout and control conditions. The presented data is represented as mean ± standard 
deviation (n=3-6). The statistical analyses encompassed unpaired t-tests and two-way 
ANOVA to discern significant differences between the groups. 
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3.2.5.1 �- -SMYD2 inhibits calcification in -vivo  and in -vitro   

Vascular calcification involves active deposition of hydroxyapatite crystals on 

blood vessel walls and is linked to cardiovascular events including hypertension and 

vascular stiffness. Regulating calcification, macrophages adaptively alter its and VSMCs 

polarity, phenotype, and gaseous/immune cells secretion in response to tissue changes. 

In the context of vascular calcification, Runx2, Sox9 and Msx2 serve as a prominent 

inducer 366. Through western blot analysis (Fig 3.25 A & B�����R�Q���F�R�Q�W�U�R�O���D�Q�G���--SMYD2-

KO mice aortic tissues, increased SMYD2 expression was observed in WD-fed mice 

aortic tissue when compared to non-�:�'���F�R�Q�W�U�R�O�V�����6�L�P�L�O�D�U�O�\�����--SMYD2-KO mice 

exhibited parallel results under WD conditions, highlighting SMYD2's role in vascular 

pathobiology. To mimic macrophage associated calcification in atherosclerotic condition 

in-vitro studies were conducted using RAW264.3 cells. First, we analyzed the 

expression levels of SMYD2, RUNX2, and BRD4 in RAW264.3 cells treated with 

inorganic phosphate (5mmol/L) for a duration of 5 days. Consistent with the existing 

literature on VSMCs, we observed an increase in RUNX2 expression by day 3, which 

remained constant thereafter, contributing to the calcification process. Interestingly, 

subsequent experiments involving D1 inorganic phosphate-treated control cells and 

SMYD2 knockout (SMYD2KO) RAW 264.7 cells revealed that, the absence of SMYD2 

seemed to accelerate the expression of RUNX2 at D1, in contrast to the control group, 

and this effect correlated with an enhanced expression of BRD4. These observations 

highlight a potential interplay between SMYD2, RUNX2, and BRD4 in the regulatory 

pathways associated with calcification processes.  
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Figure 3-25 Regulatory Interplay of SMYD2, RUNX2, and BRD4 in Vascular 
Calcification.   

A) Western blot analysis of aortic tissues from control and WD fed mice B & C) 
�$�R�U�W�L�F���W�L�V�V�X�H�V���Z�H�V�W�H�U�Q���E�O�R�W���D�Q�D�O�\�V�L�V���F�R�Q�W�U�R�O���D�Q�G���--SMYD2-KO mice fed with WD for 26 
weeks. Intensity Quantification D) Macrophage cells treated with Pi to mimic 
calcification through Western Blot analysis of calcification associated transcription factor 
protein . Data presented as mean ± standard deviation. N = 4-8. *p < 0.05, **p < 0.01, 
***p < 0.001 compared to respective control groups. 
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To assess calcification in macrophages, primary cells (BMDM) isolated from both 

�F�R�Q�W�U�R�O���D�Q�G���--SMYD2-KO mice were subjected to varying concentrations of Pi (ranging 

from 1 to 5mmol/L) for a period of up to 5 days and were subjected to ARs staining (Fig 

3.26 A). Results showed that elevated Pi concentrations along with extended treatment 

durations increased calcification within macrophages, with highest significant on Day 5 

of the treatment period. Mechanistic conformation showed that inhibition of SMYD2 

(BAY598) in WT-macrophages mimic SMYD2-KO cells, results indicate that SMYD2 is 

involved in macrophage calcification (Fig 3.26 B). While inhibitor had little to no effect on 

SMYD2-KO group (Fig 3.26 B), suggesting that genetic and/or pharmacological 

inhibition of macrophage-smyd2 promotes calcification.  

Following the effect of Smyd2 inhibition on ARs+ve staining, we explored 

whether BRD4 plays a mediating role using the inhibitor JQ1. Initially, RAW 264.7 cells 

were exposed to 5 mmol/L Pi for 24 hours, with or without JQ1, followed by Smyd2 

gene and protein analysis. While Pi treatment had no effect on Smyd2 mRNA 

expression (Fig 3.27 A), it significantly upregulated protein expression (Fig 3.27 B). 

However, the addition of JQ1 led to a substantial reduction in Smyd2 transcript levels 

(Fig 3.27 A), along with a trend towards decreased protein expression (Fig 3.27 B). 

To investigate the potential role of Smyd2 in mediating BRD4, western blot 

analysis was conducted on control and Smyd2-KO cells treated with Pi. Western blot 

results and subsequent quantification revealed a significant increase in BRD4 and 

RUNX2 expression in Smyd2-depleted cells following Pi treatment. This suggests that 

Smyd2 participates in and offers protection against the activation of BRD4 and RUNX2 

(Fig 3.27 C).  
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Figure 3-26 Regulatory Interplay of Smyd2 , in BMDM (primary cells) and 
RAW 264.7 cells, assessed using Alizarin Red staining (ARs).   

A) control and knockout mice primary cells (BMDM) were treated with Pi (1-5 
mmol/L) for 5 -6 days, followed by ARs+ staining and intensity quantification. B) RAW 
264.7 cells with or without Smyd2  treated with Pi (5 mmol/L) and BAY598 for 5 -6 days, 
followed by ARs+ staining and intensity quantification. Data presented as mean ± 
standard deviation. N = 4-8. *p < 0.05, **p < 0.01, ***p < 0.001 compared to respective 
control groups. 
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Figure 3-27 Impact of Smyd2  Inhibition on BRD4 -Mediated Activity and 
Protection Against BRD4 and RUNX2 Activation. RAW 264.7 cells were subjected 
to 5 mmol/L Pi treatment for 24 hours, with or without the BRD4 inhibitor JQ1.  

A) Analysis of Smyd2 gene expression revealed no change following Pi 
treatment, while JQ1 addition led to significant downregulation. B) Protein expression of 
Smyd2 showed significant upregulation with Pi treatment and trends towards decrease 
with JQ1. C) Western blot analysis demonstrated that Pi treatment increased BRD4 and 
RUNX2 expression in Smyd2-depleted cells. These findings suggest that Smyd2 
potentially mediates and protects against the activation of BRD4 and RUNX2 in 
response to Pi treatment. Data presented as mean ± standard deviation. N = 3-6. *p < 
0.05, **p < 0.01, ***p < 0.001 compared to respective control groups. 
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Considering our earlier observation that Smyd2 depletion augments the 

expression of BRD4 and RUNX2, subsequently accelerating macrophage calcification, 

we investigated whether BRD4 plays a pivotal role in mediating calcification in the 

absence of SMYD2.  

First, we employed shRNA lentiviral particles to knock down Brd4 (BRD4 shRNA 

(m) Lentiviral Particles, sc-141740-V), followed by an assessment of calcification. 

Alizarin Red staining showed (Fig 3.28 A), that inorganic phosphate treatment at 1-

5mmol/L over a span of 5 to 6 days induced macrophage calcification. In contrast, the 

shRNA_Brd4 group, the presence of 2.5mmol/L and 5mmol/L inorganic phosphate 

significantly escalated the accumulation of calcified nodules, suggesting that 

shRNA_brd4 intervention led to a substantial increase in macrophage calcification (Fig 

3.28 A).  

Next, to evaluate if loss of Smyd2 induced calcification can partially or fully inhibit 

by modulation of Brd4, we established double knockout of RAW 264.7 cells (SMYD2 

and shRNA_BRD4), alternatively JQ1 inhibitor was also used for evaluating if Smyd2 

and Brd4 deletion collectively progress or protects against calcification. Indeed, results 

showed that individual loss of Smyd2 (Fig 3.26) and Brd4 (Fig 3.28 A) significantly 

accelerates calcification in macrophages, however deletion of Brd4 on Smyd2 depleted 

cell protected against calcification (Fig 3.28b), suggesting that Smyd2 induced 

calcification is mediated by increased expression of Brd4. Furthermore, 

pharmacological inhibition of BRD4 (Fig 3.28 C) did not recapitulate results obtained 

through genetic ablation of Brd4. This suggests that while the loss of Smyd2 promotes 

Brd4 and leads to calcification, inhibiting Brd4 (genetically) imparts protective effects. 
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Runx2 being a prominent target of Brd4 and its inhibitor JQ1 698, we explored 

whether SMYD2 might modulate the Run2/Brd4 axis, using CADD522 (inhibitor of 

Runx2-DNA binding to downregulates Runx2 target genes (MedChemExpress, 

CADD522, HY-107999, NJ, USA). As indicated and confirmed by previous findings, 

control and Smyd2 depleted cells when treated with Pi results in significant increase 

ARs+ve staining. Intriguingly, the addition of the Runx2 inhibitor (CADD522, 10 nM) did 

not effectively suppress Alizarin Red staining in the Smyd2KO group (Fig 3.28d), 

suggesting that SMYD2�¶�V potentially modulates Runx2 activity. Next, we evaluated if 

loss of Smyd2 induced calcification trough Runx2/Brd4 axis is mediated by brd4. 

Through Brd4 knockdown and SMYD2 and Brd4-depleted cell experiments, treated with 

Pi (2.5 and 5 mmol/L) at different concentrations, it was revealed that the loss of Brd4 

and/or Smyd2 led to increased calcification. However, the pharmacological inhibition of 

Runx2 in Brd4/Smyd2-depleted cells resulted in a substantial reduction in Alizarin Red 

staining, implying that SMYD2-mediated calcification occurs through the Brd4/Runx2 

axis. 

Collectively, ARs staining showed that previously unrecognized relationship 

between SMYD2, BRD4, and Runx2 in macrophage calcification. SMYD2 depletion 

enhances BRD4 and RUNX2 expression, promoting calcification. The knockdown of 

BRD4 intensifies calcification, and its combined loss with SMYD2 offers protection. 

SMYD2 potentially modulates Runx2 activity, influencing calcification through the 

Brd4/Runx2 axis. These findings shed light on intricate regulatory mechanisms in 

calcification processes.  
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Figure 3-28 Regulatory Mechanisms in Macrophage Calcification Mediated 
by SMYD2, BRD4, and Runx2 .  

A) RAW 264.7 cells were treated with Pi (1-5 mmol/L) for 5-6 days, followed by 
Alizarin Red staining (ARs+) and quantification to assess calcification in control and 
Brd4-depleted cells. B) Brd4-depleted control and Smyd2 knockout cells were treated 
with Pi (1-5 mmol/L) for 5-6 days, followed by ARs+ staining and intensity quantification. 
C) Control and SMYD2KO cells were treated with Pi (5 mmol/L) and JQ1 (1-2 µM) for 5 
days, and ARs+ staining was quantified. D) Control and SMYD2KO cells were treated 
with Pi (5 mmol/L) with or without CADD522 (10nM) for 5 days, and ARs+ staining was 
quantified. E) & F) Brd4-depleted cells were treated with Pi (2.5 or 5 mmol/L) with or 
without CADD522 (10nM) for 5 days, and ARs+ staining was quantified. Data presented 
as mean ± standard deviation. N = 3-6 independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001 compared to respective control groups. 
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In order to validate our functional findings, we expanded our investigation to 

encompass both control and SMYD2-depleted RAW 264.7 cells subjected to inorganic 

phosphate (Pi) treatment, followed by pharmacological inhibition of BRD4. This 

extension aimed to elucidate the role of the Smyd2/Brd4 axis in vascular calcification. 

Initially, RAW 264.7 cells underwent a 24-hour treatment with 5mmol/L Pi, followed by 

quantification of genes associated with vasculature calcification. Consistent with the 

observations in Fig 3.23A, our cell culture data unambiguously confirms that Pi 

treatment significantly upregulated the expression of Runx2, Bmp2, Sox9, and Msx2, 

while Smyd2 expression remained unchanged (Fig 3.29 A). Subsequently, we 

investigated whether Smyd2 influences the calcification process through experiments 

involving SMYD2-KO cells and control cells treated with Pi. Remarkably, Smyd2-

depleted cells exhibited a notable elevation in the expression of all studied transcription 

factors and Brd4 isoforms, in contrast to the control group (Fig 3.29 B). Notably, at basal 

levels, Pi treatment had no impact on Brd4 expression. However, the absence of Smyd2 

facilitated a significant increase in Brd4 isoform expression (Fig 3.29 B). The notable 

augmentation of Runx2, Bmp2, Sox9, Msx2, and Brd4 expression in Pi-treated 

SMYD2KO cells implies a plausible interplay between Smyd2 and these genes in 

response to phosphate treatment. To dissect the role of Brd4 in calcification, with or 

without Smyd2, RAW 264.7 cells underwent treatment with JQ1 (a Brd4 selective 

inhibitor). Notably, results (Fig 3.29 C) show that at 1µM (24hr), JQ1 inhibited the 

expression of the Brd4_short isoform in control cells, with minimal effect on the 

Brd4_long isoform. Conversely, in the SMYD2-KO group, JQ1 significantly suppressed 

Brd4 expression across both isoforms. Correspondingly, Runx2 expression was 
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markedly reduced with JQ1 treatment, while Sox9 levels remained unchanged. 

Furthermore, to assess whether BRD4 inhibition could mitigate calcification in SMYD2-

depleted RAW 264.7 cells, we treated control and SMYD2-depleted cells with Pi, both 

with and without JQ1. The results (Fig 3.29 D) demonstrate that while JQ1 inhibited the 

increased expression of transcription factor genes in control cells, a decreasing trend 

was observed in the SMYD2-KO cells, although not reaching the level of the control 

group treated with Pi/JQ1. 

Given the pivotal role of inflammation in vascular calcification, as indicated by the 

elevated IL6 expression in aortic tissue mRNA analysis, we investigated whether 

SMYD2-mediated inflammation also contributes to calcification. As anticipated, Pi 

treatment significantly induced the expression of Rankl, a key calcification regulator, in 

control cells. Interestingly, SMYD2-depleted cells exhibited a robust response to Pi 

treatment, enhancing the expression of TNF-�.�����,�/-�������,�/����, and Rankl (fig 3.26E). 

Subsequent evaluation (Fig 3.29F) demonstrated that, in comparison to the Pi-treated 

group, the addition of JQ1 significantly curtailed the expression of these inflammatory 

genes. 

Collectively, our findings provide robust evidence for the involvement of the 

Smyd2-Brd4 axis in mediating vascular calcification and highlight the potential interplay 

between Smyd2, Brd4, and critical transcription factors. Furthermore, the implications of 

Smyd2 in modulating inflammation-related genes pertinent to calcification underscore its 

multifaceted role in the intricate network governing this physiological process. 
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Figure 3-29 mRNA analysis of transcription factor and inflammatory genes 
associated with calcification in control and smyd2 depleted cells, treated with or 
without Inorganic phosphate for 24hr.   

A) RAW cells treated with Pi (5mmol/L) for 24hr followed by mRNA analysis of 
Calcification promoting transcription factor  (Runt-Related Transcription Factor 2 
(Runx2), Bone Morphogenetic Protein 2 (Bmp2), SRY-Box Transcription Factor 9 
(Sox9) and Msh Homeobox 2 (Msx2)). B). RAW cells with or without Smyd2 were 
treated with Pi (5mmol/L) followed by mRNA analysis of Runx2, Bmp2, Sox9, Msx2, 
Brd4 (Short and Long isoforms). C). Control and Smyd2 depleted cells treated with Brd4 
inhibitor (JQ1, 1µM, 24hr). D). Pi treated control and SMYD2 depleted cells treated with 
or  without JQ1 inhibitor. E). Effect of Pi treatment on inflammatory cytokines in control 
and smyd2 depleted cells. F). Effect of  JQ1 on inflammatory cytokine induced by Pi in 
control and Smyd2 depleted cells.  Results are presented as mean ± standard deviation 
n=3-6. Statistics, unpaired t-test and two-way ANOVA  

  

3.3 Smyd2  modulate Notch signaling in VSMCs and Macrophages  

In the context of vascular calcification, a captivating mechanism has emerged 

through the exploration of Notch signaling and its ramifications on osteogenic 

differentiation. This intricate process involves instigating osteogenic differentiation and 

subsequent matrix mineralization within human aortic smooth muscle cells (HASMCs) 

under controlled in vitro conditions. This molecular intricacy is intricately tied to the 
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presence of the Msx2 gene, a distinguished master regulator of osteogenesis. This 

gene operates within a pre-established network of signaling pathways, including Notch, 

Wnt, and TGFbeta/BMP pathways, collectively orchestrating the pivotal Cbfa1/Runx2 

regulator of osteogenesis.  

Moreover, the co-expression of Notch1, Jagged1, and Msx2 within human 

fibrocalcific/atherosclerotic plaques accentuates the significance of the Notch�±Msx2 

signaling pathway in steering the intricate trajectory of vascular calcification. These 

novel insights into the interplay between Notch signaling and Msx2 provide a fresh 

perspective on the mechanisms driving osteogenic differentiation in VSMCs . This 

highlights the direct influence exerted by Notch/RBP-Jk signaling on Msx2 gene 

expression and its consequential impact on vascular calcification 699-702. Furthermore, in 

vitro studies have hinted at the potential involvement of Notch signaling in regulating 

macrophage activation and cardiovascular calcification. Notably, individuals harboring 

inactivating Notch1 mutations exhibit heightened susceptibility to cardiovascular 

disorders, including valve stenosis and calcification. This underscores the plausible 

integral role played by Notch pathways in the calcification process, although the 

interplay of Notch and Smyd2 remains unexplored. Hence, within this section, we delve 

into the comparative expression of Notch and its downstream target genes in the 

presence and absence of Smyd2 within VSMCs and macrophages from mice subjected 

upto 26 weeks of Western diet feeding. 

mRNA analysis of aortic tissue were performed in WD fed mice at different 

timepoint among SMYD2fl/fl ApoE-/-, SMYD2�û�6�0�& ApoE-/-, and SMYD2�û�0�-  ApoE-/-. 

Compared to control (SMYD2fl/fl ApoE-/-) and WD feeding SMYD2�û�6�0�& ApoE-/-, Notch1-4 
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and its target genes Presenilin 2, Heyl and Hes1 was measured at different time point. 

Notch1,2 & 3 expression showed no change in 10W of WD feeding, while by 18 and 26 

W there was significant reduction in Notch1 & 2 expressions (Fig 3.30 A-C), while 

Notch3 increased significantly in 18W WD, but remain nonsignificant at 26W. Strikingly, 

Notch4 were significantly upregulated at 10W of WD feeding of SMYD2�û�6�0�& ApoE-/- 

mice, but the change was insignificant at other timepoints. Interestingly Psen2, HeyL 

and Hes1 was highly expressed in SMYD2�û�6�0�& ApoE-/- mice at 10W, but then 

decreased with increase time of feeding. While 26W WD feeding of control and 

SMYD2�û�0�-  ApoE-/- mice mRNA showed that Notch1 is significantly upregulated without 

�D�O�H�U�W�L�Q�J���1�R�W�F�K�����D�Q�G���������K�R�Z�H�Y�H�U�����Q�R�W�F�K�����F�R�X�G�¶�W���E�H��detected (Fig 3.30 D). While the target 

of Notch1, the HeyL were also upregulated, indicating cellular specific function of 

SMYD2. Furthermore, Notch1/Msx2 699,701 and its target (Wnt3A, Wnt 7A and CCAR2) 

were also evaluated for 18 & 26W of WD in SMYD2�û�6�0�& ApoE-/- mice, but not in 

SMYD2�û�0�-  ApoE-/- mice. Wnt3A significantly suppressed at both timepoint in 

SMYD2�û�6�0�& ApoE-/- mice, while upregulated Wnt7A and CCAR2 at 18W was 

significantly reduced by 26W (Fig 3.30 E). Collectively, corelating the mRNA expression 

profile of Notch1/Msx2 and its target Wnt3A, and Wnt 7A indicates that in VSMCs, loss 

of Smyd2 may confer protection against vascular calcification alternatively through 

suppression the given axis. While in macrophages, the context reversed sharply to 

facilitate calcification process through macrophage-VSMC interactions.  
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Figure 3-30 mRNA analysis of Notch and associated genes in control and 
smyd2 depleted mice aortic tissue, fed with WD upto 26 weeks.   

A)-C) Notch and its downstream targets in 10, 18 and 26W WD fed 
SMYD2fl/flApoE-/- and SMYD2�û�6�0�&ApoE-/- mice. D) Notch and its downstream targets in 
control (SMYD2fl/flApoE-/-) or knockout (SMYD2�û�0�-ApoE-/-) mice fed with WD for 26 
Weeks. E)-F) Msx2 target gene in SMYD2fl/flApoE-/- and SMYD2�û�6�0�&ApoE-/-.  Results 
are presented as mean ± standard deviation n=3-6. Statistics, unpaired t-test and two-
way ANOVA 
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In the "Results II (Section 3.2)" section, we have unveiled a groundbreaking and 

distinct role of macrophage-specific Smyd2 in cardiometabolic disease when compared 

to VSMC-specific Smyd2 �K�L�J�K�O�L�J�K�W�H�G���L�Q�����5�H�V�X�O�W�V���,�������1�R�W�D�E�O�\�����--SMYD2-KO mice 

subjected to a Western diet exhibited an improved scenario of pathological remodeling, 

showcasing resistance against elevated Body Weight, Blood Glucose, Liver Weight, 

Kidney Weight, and Adipose tissue accumulation (Fig 3.16). However, this pathological 

amelioration was also accompanied by the deterioration of Spleen weight and length, 

coupled with an escalated atherosclerotic plaque burden from the early to late stages of 

atherosclerosis (Fig 3.17). 

�7�K�H���R�E�V�H�U�Y�H�G���S�D�W�K�R�O�R�J�L�F�D�O���I�H�D�W�X�U�H�V���L�Q���--SMYD2-KO mice encompassed a range 

of aspects, including but not limited to 1) Sudden mortality of mice at 10 weeks of 

Western diet feeding (Fig 3.16B). 2) Splenomegaly evident in both length and weight 

�D�P�R�Q�J���W�K�H���--SMYD2-KO mice (Fig 3.17). 3) Aortic root dilation (Fig 3.19A). 4) Left 

ventricular hypertrophy (Fig 3.17B) and 5) Partial calcification, predominantly micro-

calcification nodules, within the heart (Fig 3.19B). 

Micro-calcification was predominantly observed within vascular bundles, whereas 

macro-calcification was more pronounced in atherosclerotic plaques. Notably, the 

vascular bundles displaying micro nodules exhibited reduced relaxations, indicating a 

hypertensive state. Subsequent to this, the increased osteo/chondrogenic 

characteristics within the vascular bundles coincided with heightened expression levels 

of Runx2, Bmp2, Mgp1, and Rankl. This elevation in expression contributed to an 

augmented expression of Brd4, where depletion of Brd4 from RAW cells led to an 

increase in ARs+ve staining. Interestingly, upon the depletion of Brd4 in SMYD2KO 
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cells, the ARs+ve staining was significantly reduced. This observation suggests that the 

loss of Smyd2 prompted Brd4-mediated calcification of VSMCs via macrophages. 

Notably, existing literature suggests that Brd4 mediates Runx2 activity. In light of 

this, we delved into evaluating whether the Smyd2/Brd4/Runx2 axis played a role in 

calcification. To address this, we inhibited Runx2 activity using CADD522 in conjunction 

with Brd4/Smyd2 depleted cells. This intervention resulted in a considerable reduction in 

calcification, pointing to the protective role of Smyd2 against macrophage-mediated 

calcification through the regulation of Runx2 and Brd4. 
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4 CONCLUSION 

Atherosclerosis is a cluster of molecular events triggered by various factors 

including OxLDL, Cholesterol, Smoking, Diabetes, CKD etc influencing cell types such 

as endothelial cells, vascular smooth muscles cells, macrophages, fibroblast etc. 

Signaling and coordination among these cell-type influence vascular pathogenesis. 

Therefore, for the current study, I aimed to study the novel function of SMYD2 in 

vascular diseases, specifically in atherosclerosis and plaque calcification using two 

different mouse (SMYD2fl/flApoE-/-, SMYD2�û�0�- ApoE-/-, SMYD2�û�6�0�&ApoE-/-) models 

targeting two very important cell type involved i.e VSMCs and Macrophages, that plays 

a crucial role in atherosclerosis.  

The onset of atherosclerosis, a chronic inflammatory ailment, is instigated by the 

accumulation of lipids within the arterial wall, facilitated by the presence of circulating 

lipoprotein particles, macrophages, and cholesterol, this interplay results in 

atherosclerotic plaque formation within the intimal layer of the arteries. Notably, owing to 

an advantage over other disease models, ApoE�í���í mice display all characteristic 

features of atherosclerosis including early establishment of fatty streaks, distinctive 

lesion distribution its progression and maturation results in atherosclerotic plaque. 

Inclusion of Western-type diet significantly expedites the progression of lesions across 

all stages, spanning from the formation of foam cell lesions to the eventual development 

of fibrous plaques. Intriguingly, lesions in mice fed the Western-type diet are 

characterized by a higher lipid content compared to those observed in mice on a chow 

diet 612,703,704.  
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Owing to the advantage of screening different stages of atherosclerosis 612 we 

developed VSMCs specific Smyd2 (VSMC-Smyd2) knockout mice on ApoE-/- 

background (Inhouse breeding). Knockout of Smyd2 were confirmed using western blot 

and qPCR before initiating the experiments. As this is the first of its kind of study, we 

collected all physiological parameters, and measured various parameters. In parallel we 

also performed re-analysis of GEO datasets. Ldlr-/- mice dataset from GSE24342 

indicates that SMYD family proteins are ubiquitously distributed in aortic or 

macrophages (Fig 3.7 A). Compared to macrophages, aorta express higher level of 

SMYD, however, results also warrant further investigation if SMYD protein expression 

pattern in EC, VSMC and adventitia cells resembles that of total aortic SMYD 

expression, and how SMYD contributes to severity of atherosclerosis. Increased 

expression of SMYD2 in aortic tissue further corelates with increased severity of 

atheroma formation, in human tissue samples (GSE43292, Fig 3.7 B). Further, analysis 

of GSE41571 indicate that Smyd2 is present in both stable and unstable plaque with no 

significance among the groups. Furthermore, GEO2R results were confirmed by 

Immunohistochemistry (IHC) staining of human tissue samples, concluding that Smyd2 

expression increase in human atherosclerotic plaque (Fig 3.8 A&B). Because of the cell 

specific variation in Smyd2�¶�V���I�X�Q�F�W�L�R�Q���L�Q���D�W�K�H�U�R�V�F�O�H�U�R�V�L�V���D�G�G�L�W�L�R�Q�D�O���U�H�V�X�O�W�V��is discussed 

below.  
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4.1 SMYD2�û�6�0�& ApoE -/- (Vascular smooth muscle cells knockout) mitigate 

atherosclerotic plaque formation, and calcification through modulation of 

p65/Sox9 axis along with activation of anti -oxidative stress.  

4.1.1 Exploring the Impact of Vascular smooth muscle cells specific 

Smyd2  (VSMC-Smyd2 ) on Atherosclerosis and Physiological 

Parameters in a Novel Study  

In this first-of-its-kind study, we monitored the mice BW throughout the study 

period (up to 26W of WD), along with Blood Glucose, Total Cholesterol, Liver, Spleen, 

and Heart weight. Age and weight-matched mice, when fed with WD, exhibited a sharp 

increase in BW for the first 10W, after which the increase stabilized. Comparing weekly 

measurements, no significant differences were observed among either of the genotypes 

(SMYD2fl/flApoE-/-, and SMYD2�û�6�0�&ApoE-/-). However, in terms of total body weight 

accumulation, a slight decrease was noted in the SMYD2�û�6�0�&ApoE-/- group. Similarly, 

the total blood glucose and Cholesterol levels were notably lower in SMYD2�û�6�0�&ApoE-/- 

compared to controls at the same time point (10W). Subsequently, a lower trend was 

observed at 18W and 26W of WD feeding, although it was not statistically significant. 

There was minimal disparity among the genotypes for spleen and heart weight at any 

time point. 

Furthermore, it has been demonstrated that fatty liver disease exhibits a 

correlation with coronary atherosclerotic calcification, particularly among African 

Americans 705. Consequently, we conducted measurements of raw liver weight and the 

liver-to-body weight ratio during various intervals of Western Diet (WD) feeding. During 

the initial 10 weeks of WD feeding, there were no observable alterations in liver weight 
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or the liver-to-body weight ratio. However, upon reaching the 18-week mark, a notable 

reduction in liver weight became evident. Strikingly, by the 26-week point, 

SMYD2�û�6�0�&ApoE-/- mice displayed a significant upregulation in liver weight compared to 

the control group.  

Despite the absence of microscopic and histopathological examinations in this 

study, a cursory visual assessment and correlation with existing literature 611  indicated 

minimal to negligible accumulation of fat/lipid in the liver, which contrasted with the 

increased fatty liver seen in the control group. This difference may be due to a variety of 

factors, such as hepatic insulin resistance, endothelial dysfunction, low-grade 

inflammation, and lipotoxicity resulting from abnormal portal free fatty acid metabolism. 

The metabolites secreted by the fatty liver are associated with hepatic insulin 

resistance, leading to abnormal lipid accumulation in the liver 706-711. This may contribute 

to the development of atherosclerosis and cardiometabolic abnormalities that result in 

coronary artery calcification 705.  

This suggests that the effects of a Western diet on liver weight and the liver-to-

body weight ratio may not be immediate, but rather develop over time. Further research 

is needed to fully understand the underlying mechanisms and potential long-term 

consequences of these observations and investigate whether these changes are 

reversible and if interventions such as dietary modifications or pharmacological 

treatments could prevent or reverse them. Our supplementary short-term study (not 

include in results, Fig 4.1 A-D) suggested the capacity of SMYD2�û�6�0�&ApoE-/- mice to 

physiologically revert to baseline. In our mice experiment, we observed that 14W of WD 
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followed by 14W of Chow diet significantly reduced the SMYD2�û�6�0�&ApoE-/- mice BW 

change after change of dietary regime, total BW change, liver, and liver to BW ratio.  

 

Figure 4-1 Metabolic profiling of control ( SMYD2fl/fl ApoE -/-) or knockout 
(SMYD2�û�6�0�&ApoE -/-) fed with western diet for 14 weeks, followed by 12 weeks of 
Chow Diet.   

A). Body weight (gm). B). Blood glucose (Raw reading from Accu-Check). C). 
Raw liver weight (gm). D). Percentage liver of whole-body (Liver weight/body weight * 
100, in gm) Analysis �± Body weight was analyzed using 2-�Z�D�\���$�1�2�9�$�����6�L�G�D�N�¶�V���P�X�O�W�L�S�O�H��
comparison), or Unpaired t-�W�H�V�W���:�H�O�F�K�¶�V���W�H�V�W�����D�O�S�K�D�������������������
�������������������
�
�������������������
�
�
������
0.0001) 

 
In essence, our study offers a pioneering exploration into the interplay between 

VSMC-Smyd2, atherosclerosis, and physiological parameters, revealing intricate 

relationships that merit further investigation and hold promise for future therapeutic 

strategies. 
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4.1.2 Unveiling the Dual Role of Vascular Smooth Muscle Cell -Specific 

Smyd2  in Atherosclerosis Progression  

Given the integral role of VSMCs  throughout initiation, progression, and 

maturation phases (advanced) of atherosclerosis, its initial infiltration into early lesions 

is to facilitate their expansion, concurrently engendering a protective fibrous cap. 

Although conventionally perceived as contributors to plaque stabilization, recent 

investigations have unveiled an expanded VSMC presence within plaques, 

accompanied by their capacity to adopt a spectrum of distinct phenotypes, some of 

which may exert deleterious effects. A noteworthy facet of VSMC behavior involves the 

attenuation of their contractile markers (SM-�0�+�&���������6�0���������.-actin etc.) and the 

subsequent adoption of alternative phenotypic profiles (Macrophage or 

Osteo/chondrocyte like VSMCs) throughout the trajectory of atherosclerosis 18,712. 

Therefore, in this section we aimed to establish the novel role of VSMC specific Smyd2 

in atherosclerosis, using ApoE as mice model and WD as high cholesterol diet 611.   

VSMCs-Smyd2 deplete, and control littermates were fed with WD up to 26W to 

evaluate the impact of Smyd2 in atherosclerosis. At first glance of ORO+ve staining (Fig 

3.2 A-B), it appeared that loss of Smyd2 (10W WD feeding) facilitated rapid 

establishment of fatty streak, which marks the initial stage of plaque formation 

(Discussed in Introduction 1.1). As we continue to monitor (18W, WD feeding) for 

atherosclerotic plaque burden, the initially established fatty streak or initial stage plaque 

did not develop and evolved as rapidly as expected and remained significantly 

attenuated as compared to control mice. Plaque at this stage (evolving/progressive 

stage) in control mice is characterized by increased number of cells, hypoxic condition, 
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initial apoptosis of cells which negatively corelate with overall lipid content resulting in a 

stable celluarized plaque 713-715 which SMYD2�û�6�0�&ApoE-/- mice lacked significantly. 

Interestingly these results showed that loss of Smyd2 may not have had an immediate 

impact but in the long term they may confer some protective response (Fig 3.3 A-C). 

Indeed, analysis of 26W of WD feeding mice atherosclerotic plaque burden showed 

that, in control littermates the plaque evolved significantly and obtained maturation 

stage, marked by increased number of apoptotic cells, calcification of atherosclerotic 

plaque, thick and small fibrous plaque cap, with complete absence of foam cells. 

However, the Smyd2-depleted mice showed similar pathological distribution as was in 

18W WD feeding mice with significant increase in total lipid core and plaque cap, 

signifying that in these mice the plaque progression is significantly attenuated (Fig 3.4 

A-B). In line with our findings, Watson et. al., 2018 concluded that cap thickness or 

plaque cap is sensitive to the balance between SMC apoptosis, proliferation, and 

migration of VSMCs from media SMC diffusion and chemotaxis, thereby impact the 

fibrous cap stability and atherosclerotic plaque development  716. 

Atherosclerotic plaque progression is a complex and intricated process and has 

been categorized into three types namely type I, II and III based on the layer patterns 

analysis identified using Optical coherence tomographic (OCT). Type I & II are 

associated with an increase in plaque area, whereas type III shows plaque regression. 

In agreement with Yamamoto et al., 2017, SMYD2�û�6�0�&ApoE-/- mice showed that Type I 

and II progression in early stage atherosclerosis however, progression was inhibited 

and stabilized at 26W marked by thickening of the fibrous cap and increased lipidic 

plaque 717,718 Contrary to knockout, wild type mice presents with characteristic feature 
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such as thin fibrous cap, large necrotic core volume, regressed lipidic area and positive 

remodeling of plaque, which are strong predictor of CVD events 719. Protective fibrous 

cap results from layering of VSMCs within the foam cells (Fig 3.3 A), SMYD2�û�6�0�&ApoE-

/- mice have a larger foam cell layers as compared to control mice, which then translate 

to thick fibrous cap, which shields the lesion from the lumen and shear stress 720.   

In summary, our research demonstrates the complex involvement of VSMCs , 

particularly VSMC-Smyd2, in various stages of atherosclerosis. This includes their 

phenotypic shifts, contributions to plaque formation and stability, and interactions with 

critical plaque characteristics. Previous studies from our lab have shown that ablation of 

Smyd2 in VSMCs exacerbates neointima formation after vascular injury in vivo by 

promoting a contractile phenotype and proliferation of VSMCs, which can be detrimental 

in atherosclerosis. Our findings confirm that at early stage of Smyd2 ablation offers a 

detrimental effect at the early stage of the disease, while at later stages with increased 

complexity of the disease, depletion of Smyd2 imparts a protective function.      

4.1.3 VSMC-Smyd2  Mediated Methylation and Phosphorylation of p65: 

Implications for Vascular Calcification via Sox9 Regulation  

Research has demonstrated that SMYD2 engages in the methylation of both 

histone and non-histone proteins, thereby influencing a range of cellular and 

pathophysiological reactions. Through its enzymatic activity, SMYD2 orchestrates the 

precise mono-, di-, and trimethylation of lysine residues, playing a pivotal role in the 

intricate regulation of fundamental cellular processes, including gene regulation, 

dynamic chromatin restructuring, intricate transcriptional dynamics, modulation of signal 
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transduction cascades, precise control of the cell cycle, and the intricate orchestration of 

the cellular response to DNA damage 721.  

Smyd2 related research is largely saturated with cancer biology and have been 

target for multiple therapeutic approaches 722, through its methylation and regulation of 

several oncogenic proteins  such as p53, PARP1, RB, and Hsp90 shows its critical role 

in tumor biology 440,442,723-726. In mist of cancer research, Smyd2 and smyd5 has also 

been shown to participate in fetal and adult heart development in zebrafish, but is 

indispensable in mouse 475,509,510. However, the role of Smyd2 in atherosclerotic 

calcification is largely unknown, therefore we evaluate if loss of Smyd2 mitigates 

atherosclerotic calcification through attenuation of VSMCs-calcification associated 

transcription factor. Among the transcription factor Sox9 is shown to mitigate 

calcification through suppression of its downstream targets and is known to be 

regulated by p65 binding at its promoter 727-730. We, therefore, showed that Smyd2 

mediated methylation and phosphorylation of p65 to regulate Sox9 activity to inhibit 

calcification.   

4.1.3.1 VSMC-Smyd2  promotes vascular calcification in in-vitro  and in-vivo  

Apart from research related to cancer, there have been few studies that have 

shown that Smyd2 is involved in the development of the adult and fetal heart. Recently, 

its unexplored characteristics have been reported in areas such as bone mineralization 

and obesity 577,581,582. This study assessed control (SMYD2fl/flApoE-/-) and knockout 

(SMYD2�û�6�0�&ApoE-/-) mice that were fed a Western Diet (WD). Aortic tissue samples 

were taken at specific time intervals (10W, 18W, and 20W) for subsequent mRNA 
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analysis to evaluate transcription factors that either facilitate or inhibit vascular 

calcification, which showed a significant shift in calcified plaque. 

Sox9 has been recognized as a key regulator of both cartilage differentiation and 

the phenotypic switch of VSMCs. It operates upstream of Runx2/Cbfa1 and opposes 

myocardin in VSMCs differentiation, promoting synthetic phenotypes 366,369,731. Sox9 

regulates gene expression in growth plate chondrocytes in a stage-specific manner 

through a combination of direct transactivation and repression. During the proliferation 

phase of chondrocytes, the collaborative binding of SOX9 and GLI2/3 represses 

Col10a1 expression while simultaneously dampening Runx2. Transitioning to mature 

pre-hypertrophic chondrocytes, the interaction of RUNX2 with SOX9 leads to a reduced 

availability of SOX9 for Col10a1 repression. In tandem, the diminishing levels of GLI3 

alleviate Col10a1 repression to some extent. Upon maturation into hypertrophic 

chondrocytes, the waning presence of SOX9-associated mechanisms entirely releases 

Col10a1 from repression, while factors like RUNX2 activity contribute to pronounced 

Col10a1 expression 659,732-737. Alternatively, Sox9 plays a significant role in vascular 

calcification during the pathogenesis of atherosclerosis in VSMCs 366,368,369,371. Its 

mechanisms involve opposing myocardin-mediated induction of the contractile 

phenotype, irrespective of SRF�±CArG box activity, or through direct interaction with 

SRF, this dual role encourages VSMCs differentiation and de-differentiation369. These 

discoveries underscore the substantive influence of Sox9 in steering 

osteo/chondrogenic differentiation through its persistent transactivation and suppressive 

roles. Additionally, its pivotal involvement in the phenotypic modulation of VSMCs 

significantly contributes to the severity of atherosclerosis. 366,368. Subsequent mRNA 
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analysis of Smyd2 depleted WD fed mice aortic tissue indicated that loss of Smyd2 

resulted in significant depletion Sox9, and the target gene Runx2 along with other 

known transcription factors that modulate Vascular calcification (Fig 3.9 D). While, 

transcription factor Msx2 and Bmp2 were also downregulated in knockout mice, which 

are known plays a crucial role in aortic VSMCs osteogenic conversion and may 

potentiate vascular pathobiology including atherosclerosis 86,366,702,738. Moreover, loss of 

SMYD2 in VSMC significantly reduced the expression of Sox9 and Msx2 in 

atherosclerotic tissues with downward trends for Runx2 and Bmp2 in mice tissues fed 

with WD for 18 and 26weeks, however a reverse trend was observed at the very early 

stage of atherosclerosis (10 weeks), that is, increased expression of Runx2 and Bmp2 

but no significance of Sox9 and Msx2 as compared to control. In agreement Augstein et 

al., 368, SOX9 induction is associated with plaque progression in atherosclerosis through 

phenotypic switch 369 of VSMCs and modulation of ECM secreting protein. Relative 

expression of Sox9 and Notch signaling (Rbpj) has also been shown to promote 

distinctive cell type aka. endovascular progenitors (EVP) cells during EndMT 

transitioning 385,739 resulting in plaque instability and atherosclerotic burden 385,740. 

Interestingly, 741 Loebel et al., showed that human mesenchymal stem cells osteogenic 

phenotype is significantly regulated by Runx2/Sox9 ratio and spatiotemporal distribution 

of Sox9 and Runx2, where inhibitory effect of Sox9 on osteoblast maturation trough 

repression of Runx2 is required for osteo-chondroprogenitor fate determination 735,741. It 

is plausible that loss of SMYD2 inherently reduced the expression of these transcription 

factors, therefore we compared the expression profile of Runx2, Bmp2, Msx2 and Sox9 

with control and SMYD2 depleted aortic tissue obtained from 8 weeks old mice (without 
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WD feeding/ week 0). As shown in fig. 3.9b, Runx2 was significantly upregulated in 

SMYD2 depleted mice tissue by 10 weeks of WD feeding, while insignificant increase 

was observed in control. By 18 weeks, Runx2 increased significantly among both 

control and SMYD2 depleted mice when compared to week 0, which corelates with 

increased calcification of plaque. Similarly, Bmp2 peaked at 10 weeks in SMYD2 

depleted mice while in control peak was observed in 18 weeks. However, Sox9 

expression increased significantly after week 10 and continued to week 26, while in 

SMYD2 depleted mice tissue Sox9 remain similar to 0-week mice mRNA. Similarly, 

Msx2 expression in control and SMYD2 knockout mice tissue peaked at 26 weeks, 

however, was significantly lower than control group. Because of significant resemblance 

among the bone formation and plaque Osteo/Chondrogenesis it is plausible that Sox9 

may regulate spatiotemporal distribution and expression of stage specific gene that 

promote plaque calcification through Runx2 659,742,743. Leung et al., (2011) suggested 

that SOX9 is required for precise expression/inhibition of genes that facilitate bone 

formation 659,743.  

Next, we evaluated abundantly expressed mineralization inhibitor genes (Mgp1, 

Sparc, Opg, Agg, Sost) in aortic tissue obtained from control and Smyd2 depleted mice 

366. WD feeding significantly upregulated the expression of Mgp1 in SMYD2 knockout 

mice, contrary to the earlier findings that Mgp is significantly reduced in uncalcified fatty 

streaks and/or calcified lesions 366. In VSMCs, Mgp mediates its differentiation and de-

differentiation, through its binding with BMP2, thus in MGP knockout mice develop 

severe cartilaginous metaplasia, and mesenchymal stem osteo/chondrocytic 

conversion. Suggesting that Mgp1 might play a significant role in conferring protection 
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to knockout mice or in the absence of its binding partner Bmp2, Mgp1 functional 

potential is impaired. Alternatively, pharmacological or genetic inhibition of Smyd2 have 

been shown to impair BMP-induced phosphorylation of the signal-transducing protein 

SMAD1/5 and SMAD1/5 nuclear localization and interaction with SMAD4 516. Indicating 

that Smyd2 mediated vascular calcification is regulated either via direct regulation of 

Mgp1 (unknown mechanism) or via inhibition of BMP activity. Sparc, function on the 

other hand is still debatable as inhibitor or activator of hydroxyapatite crystal formation 

because mice lacking Sparc, do not develop arterial calcifications 366,744-746. As an 

activator of calcification, the expression profile of Sparc superimposes Runx2 

expression profile indicating an indirect relation between the functional outcome 657,744. 

Opg is a TNF-a family member protein and is a part of RANK/ RANKL system. Opg acts 

as a decoy receptor for RANKL to prevent RANK-RANKL interactions thus promoting 

bone differentiation and reabsorption. Genetic deletion of Opg results in a significant 

increase in medial calcification in renal and aortic tissues, increased atherosclerotic 

plaque lesion size, while its reintroduction (recombinant Opg) significantly reduced 

plaque burden and calcification 747-749. In our analysis we as such did not observe any 

significant increase in Opg (mineralization inhibition), plausibly because of significant 

inhibition or absence of its counterpart Rankl, largely expressed by osteoblasts to 

differentiate into osteoclasts. Alternatively, Opg can also neutralize pro-apoptotic 

actions of TNF-related apoptosis-inducing ligand (TRAIL) expressed by VSMC 750,751. 

Aggrecan (Agg) expressed in atherosclerotic lesion were significantly reduced in 

calcified lesions, indicating that Agg plays a crucial role in plaque calcification, including 

both in stable and unstable plaques. Literature indicated that primary source of these 
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large proteoglycan that form giant hydrated aggregates with hyaluronan in the 

atherosclerotic ECMs are the apoptotic VSMCs in atherosclerotic plaque 636-639. In our 

analysis we reported that AGG was mediated vascular protection was evidenced at 

early stage of plaque while as the complexity of plaque increase the expression reduced 

or was comparable to control. Alternatively, literature supports the notion that inhibition 

of BMP2 can reduce the Agg expression induced by Alp in VSMCs through TNAP, 

which correlates with our finding that Bmp2 and Alp was reduced in knockout mice 

resulting in decreasing trend of Agg 752. These large proteoglycans are abundant in 

sulfated glycosaminoglycans, mice lacking Mgp vascular calcification precedes 

chondrocyte differentiation, and Agg is the first protein to be detected. Calcified nodules 

are covered with glycosaminoglycans suggesting that Agg produced sulfated 

glycosaminoglycans presents an adaptive mechanism against microcalcification 753,754. 

However, how Smyd2 fits in the process is an unknown phenomenon. Sclerostin (Sost), 

a negative regulator of Wnt signaling and vascular mineralization, while its level 

increased in vascular pathogenesis including diabetes, CKD and atherosclerosis 641,755. 

Sost per-say have not been directly linked to aortic artery calcification but used as in 

indicator of calcification because of its increased expression in serum 756. A significant 

reduction of Sost, in WD fed 26W old Smyd2 knockout mice indicates an indirect way by 

which Sost protect against vascular calcifications.  Alternatively, we also evaluated the 

genes that are known to facilitate or are highly pressed in calcified VSMCs such as Bgp, 

Alp and Rankel. Mentioned previously, loss of Smyd2 significantly reduced the 

expression of these genes indicating a complex and intricated mechanism by which 
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Smyd2 may modulate each protein independently or may inhibit interconnected 

pathways to protect against atherosclerotic plaque calcifications.   

In conclusion, we for the first time establish that VSMC specific Smyd2 promotes 

vascular calcification either via regulation of Sox9 and its spatiotemporal expression or 

by targeting multiple independent pathways (Smyd2 can mediate various key regulatory 

pathways), overall resulting in calcification of atherosclerotic plaque.  

4.1.3.2 VSMC-Smyd2  promotes in -vitro  calcification through modulation of 

p65 

As mentioned previously, Smyd2 and the majority of its substrates play crucial 

roles in tumor-associated processes including triple-negative breast cancer (TNBC), 

kidney disease, bone metabolism and inflammation 500,598,671,690. Increased level of 

circulating cytokines (TNF-a, IL-6, and NF-���%�������D�Q�G���L�Q�W�H�U�O�H�X�N�L�Q���������I�D�F�L�O�L�W�D�W�H�V��

osteochondrogenic differentiation of VSMCs trough activation of NF-���%���S�������S������

pathway. Presence of six independent methylation sites (K37, 218, 221, 310, 314, and 

315) on NF-���%-p65 by SET9 on K314 and 315, resulting in inhibition of NF-���%���D�F�W�L�R�Q��

alternatively, methylation at p65K37 could activate the NF-���%���S�D�W�K�Z�D�\�����:�K�L�O�H����

Setd6/G9a monomethylate p65 on K310, leading to the induction of a repressed state of 

NF-���%���W�D�U�J�H�W���J�H�Q�H��667,757-762. While, in stem cells, NF-���%-p65 positively regulates Sox9 

expression by binding to its promoter directly, or by modulating cell proliferation via 

alteration in the p14(ARF)/p53/p21(WAF1) pathway 663,669,763. Collectively this literature 

indicates that p65 occupancy at sox9 promoter may facilitate calcification in VSMCs.  

Therefore, we evaluated if Smyd2 mediates methylation and phosphorylation of 

�S�������P�H�G�L�D�W�H�V���W�K�H���D�F�W�L�Y�L�W�\�����,�Q�G�H�H�G�����7�1�)�.���W�U�H�D�W�P�H�Q�W���V�L�J�Q�L�I�L�F�D�Q�W�O�\���S�K�R�V�S�K�R�U�\�O�D�W�H���S�������L�Q��
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control cells, while in smyd2 depleted cells there was significant reduction in p65 

phosphorylation, indicating that Smyd2 �P�H�G�L�D�W�H�V���7�1�)�.���L�Q�G�X�F�H�G���S�������S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q����

Alternatively, 2.5mmol/L Pi treated cells co-immunoprecipitation showed Smyd2-p65 

interaction, while this interaction leads to mono- and di methylation of p65 (Fig 3.14), 

resulting in repression of p65 activity. Following which, nuclear and cytoplasmic 

fractions were evaluated for phosphorylation and transcription factor binding assay was 

performed using kit (Fig 3.14E). Collectively results indicated that loss of Smyd2 

significantly reduced the transcriptional, phosphorylation and methylation activity of p65, 

which is essential for the activation of its downstream targets. In agreement with 

previous findings our results on VSMCs show that Smyd2 modulated vascular 

calcification is mediated by p65 and its occupancy on Sox9 promoter.  

4.1.4 VSMC-Smyd2  Promotes Oxidative Stress Through Modulation of 

Ho1/Nrf2 Axis  

Reactive oxygen species (ROS) contributes significantly to vascular pathobiology 

including, atherosclerosis, intimal lesions and thickening, plaque calcification and 

metabolic disease 764. Onset and progression of subclinical non-atherosclerotic or 

atherosclerotic events by ROS is marked by EC activation, permeability, impairment of 

glycocalyx leading upto SMCs-like cells within the intima 765,766. Accumulated SMCs-like 

cells progenitor cells including, medial VSMCs, resident & BMDM derived mesenchymal 

stem cells, and Endo-EMT, promote diffusion and adaptive thinking of intima. Through 

mediator like ROS, intimal thickness evolve into adaptive (AIT) and pathologic (PIT) 

intimal thickening 767-771. Some of the most common ROS system includes NAPDH-

NOX, XO, p450, COX, myeloperoxidase, monoamine oxidases and NO 772-780. ROS 
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�E�H�\�R�Q�G���D���³�Q�R�U�P�D�O�´���R�U���³�S�K�\�V�L�R�O�R�J�L�F�D�O�´���W�K�U�H�V�K�R�O�G���O�H�Y�H�O���F�D�Q���E�H���Q�H�X�W�U�D�O�L�]�H�G���E�\���6�2�'�����+�2-1 

NADPH quinone reductase, gamma-glutamylcysteine reductase and GPX1/4 781-784.  

As a major lipid repair enzyme, GPX4 scavenges and neutralizes toxic lipid to 

mitigate ferroptosis. These toxic lipids accumulate in vascular beds, and are primary to 

early-, middle and late stage of atherosclerosis, mediated via impaired iron metabolism, 

decreased GPX levels in VSMCs 363,673,785,786. In agreement with the notion that GPX4 is 

downregulated in atherosclerosis, we evaluated if Smyd2 can have a regulatory role in 

GPX4 function. Indeed, our bulk RNA-seq data indicated that VSMC specific Smyd2 in 

deletion resulted in significant increase in Gpx4, Trf, Hmox1 (HO-1), and Ascl4 (Fig 3.15 

A). However, when depleted in VSMC on top of global ApoE knockout mice 

(SMYD2�û�6�0�& ApoE-/-), there was significant reduction in Hmox1, and Nox2, while 

expression of Gpx4, Slc40a1 and Acsl4 did not change, as was in single knockout mice 

tissues (Fig 3.15 K). Interestingly, western blot analysis and immunofluorescence 

staining of WD fed aortic tissue (26W) showed an opposite trend marked by increased 

expression of GPX4, HO1, NOX2 and NRF2 in SMYD2�û�6�0�& ApoE-/- mice (Fig 3.15 B, D 

& H). Subsequently, tissue and plasma analysis of control and SMYD2�û�6�0�& ApoE-/- mice 

showed significant increase in antioxidant MDA to protect against oxidative stress in 

SMYD2�û�6�0�& ApoE-/- mice. Immunofluorescence staining indicates that increased 

expression of NOX2/NRF2 and HO1 is primarily localized in the vasculature (Fig 3.15 

B). Collectively, these results are in agreement that secreted anti-oxidant enzyme such 

as GPX4, from VSMCs may confer protection against vascular pathobiology and 

severity of atherosclerosis 673,787,788.  
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Overall, conclusion for this first section indicates that 1). VSMCs-Smyd2 plays a 

significant role in vascular and atherosclerotic plaque calcification either via 

transcriptional regulation of Sox9 or by indirectly targeting Msx2/ Runx2 or NF-kB-p65 

mediated pathway that mitigates plaque calcifications. 2) VSMCs-Smyd2 mitigate 

inflammatory pathways, and vascular calcification through modulation of NF-kB-p65 

through its methylation (Mono-, and Di-) and phosphorylation (p65S563). 3) VSMCs-

Smyd2 mitigate oxidative stress through regulation of NOX2/NRF2 and HO1, either 

directly or indirectly via alternative pathway, therefore conferring protection against 

vascular pathobiology. 4). Furthermore, increased expression of GPX4 in VSMCs 

inhibits VCAM-1 via modulation of NF-kB-p65.   

Overall VSMC-Smyd2 mitigates severity of vascular pathobiology through 

multiple trajectories and some very specific regulatory gene/proteins, however because 

of its ability to mediate very significant pathways such as NF-kB, Wnt, p53, Notch, beta 

catenin etc. that needs additional and independent line of investigations addressing how 

and in which condition each pathway is affected.  

 

4.2 SMYD2�û�0�-ApoE -/- (myeloid  /macrophage knockout) promote atherosclerotic 

plaque formation, calcification of vasculature and plaque through 

modulation of RUNX2/BRD4 axis   

Macrophages, a subset of immune cells, play a central role in all stages of 

atherosclerosis, a condition caused by persistent inflammation due to the entrapment of 

lipids within arterial walls 681,789. These cells orchestrate the progression from the onset 

of fatty streak formation to the development of mature plaques. At atherosclerotic lesion 

sites, monocytes and related cell lineages are attracted and transform into 
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macrophages, which eventually become foam cells filled with lipid droplets. This 

transformation significantly contributes to plaque growth and severity 790-793. As lipids 

build up within macrophages, their ability to migrate is reduced, which obstructs the 

resolution of inflammation and leads to the appearance of necrotic macrophages. These 

necrotic macrophages play a key role in the formation of necrotic cores within 

advancing plaques 791,793.  

Histological analysis of atherosclerotic plaques in both humans and mice reveals 

two distinct macrophage phenotypes: M1 and M2. M1 macrophages are primarily found 

in areas of the plaque that are susceptible to rupture, while M2 macrophages are 

associated with the outer vascular wall layer and more stable plaques. In plaques with 

strong fibrous caps, M1 and M2 macrophages are observed in balanced numbers. In 

mouse models, M2 macrophages appear during the early stages of atherosclerotic 

plaque development, while advanced lesions predominantly display M1 macrophages. 

This shift in proportion occurs during plaque regression and is thought to result from 

localized cell transformation within the plaque. The activation of STAT3/6 facilitates a 

transition from the prevailing M1 phenotype in progressive plaques towards the M2 

phenotype, leading to a regression of atherosclerosis 121,129,131,132.  

On the other hand, calcification within the intima, media, and atherosclerotic 

plaque is influenced by various factors including ER stress, inflammation (IL-�������D�Q�G��

TNF-�.�������R�V�W�H�R�E�O�D�V�W�L�F���G�L�I�I�H�U�H�Q�W�L�D�W�L�R�Q�����K�\�S�H�U�O�L�S�L�G�H�P�L�D�����D�Q�G���R�[�L�G�D�W�L�Y�H���V�W�U�H�V�V�����(�5���V�W�U�H�V�V��

initially triggers microcalcification, which leads to the death of M1 macrophages and 

activation of ATF4 within VSMCs, resulting in intimal mineralization. In contrast, 
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macrocalcification is induced by inflammation involving proteins such as protein kinase 

C, MAPK, TNF-�.�����D�Q�G���2�Q�F�R�V�W�D�W�L�Q���0�����2�6�0����21,137,178,794 84,175,795-797.  

Therefore, we propose to undertake a project that will investigate the central role 

of macrophages in all stages of atherosclerosis. By studying the new functions of 

VSMC-Smyd2 in atherosclerosis, our goal is to determine whether macrophage-Smyd2 

has similar or different functions in this context. Additionally, we aim to find out if 

targeting macrophage-Smyd2 could be an effective approach for therapeutic 

intervention. We believe that this project will provide significant value to our organization 

and enhance our understanding of atherosclerosis.  

4.2.1 Unveiling the Role of Smyd2  in Cardiometabolic Phenotypes and 

Pathophysiological Responses: Insights from a Novel Mouse Model  

Monocytes secreted from BMDM induce key immune response responding to 

circulating pathogens and metabolic or cardiometabolic imbalances 798-800 through 

macrophage crosstalk via multiple mechanism 801-805. These circulating monocytes 

significantly contribute to fatty streak development, early-, mid-, and late 

atherosclerosis. Differentiation of monocyte into macrophages, or macrophage like cells 

withing fatty streak mediates atherosclerotic plaque progression and cardiometabolic 

disease 798,806-808. While expression of Smyd2 expression is significantly reduced when 

activated by LPS, that is associated with increased expression of IL-6 and TNF-�. 

through demethylation H3K36. Suggesting that Smyd2 negatively regulates NF-���%���D�Q�G��

MAPK Signaling Pathways in Macrophages 520. Therefore, we evaluate 

pathophysiological parameter in SMYD2fl/flApoE-/-, SMYD2�û�0�-ApoE-/- among the WD fed 

mice.  
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Despite being highly expressed in the heart and brain, Smyd2 is dispensable for 

cardiac development, embryonic stem cells and overall development of mice. 

Suggesting that Smyd2 is not embryonically lethal and may participate in long term 

metabolic disorder 450,509,809,810. To our surprise, SMYD2�û�0�-ApoE-/- mice when fed with 

WD challenged preexisting notion and resultant in death of nine (9) mice as compared 

to control with no mortality (Fig 3.16 B). Parallelly, the total BW and change in BW also 

decreased in these mice starting week 14 and continued until terminal euthanasia (Fig 

3.16 A & C).  Similar trends of significance were also observed in other parameters 

such as, Liver to BW ratio, Kidney, Kidney to BW ratio, Adipose tissue, Adipose tissue 

to BW ratio and total Blood glucose. On the contrary and was surprising to our 

knowledge that, Spleen weight and spleen length was significantly increase in 

SMYD2�û�0�- ApoE-/- mice as compared to control. Among the unexpected, demised mice 

we observed a significant impact in cardiac tissue (left ventricle), interestingly as 10W of 

WD signifies a very early stage of atherosclerosis or plaque formation (yellow arrow, Fig 

3.17 B). Challenging the norms that Smyd2 is dispensable (Fig 3.17 C & D), we 

observed that some mice just developed outer structure of kidney, but internal structural 

organization were missing, while some showed sternum fused with abdominal cavity, 

and showed ectopic deposition of adipose tissue. Mechanistically we have not 

evaluated the reasons of these abnormal pathophysiological phenotype that is 

presented by SMYD2�û�0�-ApoE-/-. To best of our knowledge abnormal pathophysiology 

presented by  SMYD2�û�0�-ApoE-/- is first of its kind and have never been reported in any 

of our or available previously  studies Smyd2/5 knockout animal model (SMYD2�û�6�0�&, 

SMYD2�û�6�0�&ApoE-/- , SMYD2�û�,�(�&, SMYD5�û�,�(�&,  SMYD2�û�0�-  or SMYD5�û�0�- ) or was 
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reported in literatures, suggesting a  new phenotype model of spleen, heart or kidney 

pathophysiology 451 448,452450,693. Although Smyd2 has been reported to participate in 

renal disease but not in developmental defects 689.  

Collectively our animal model presents 1). previously unrecognized unique 

pathophysiological response when subjected to WD regime. 2). Monocyte specific 

deletion of Smyd2 on top of ApoE-/- global knockout presents a unique combination that 

exaggerates Smyd2 and its downstream targets functions. 3). Dispensable Smyd2 in 

macrophages functions via ApoE to modulate cardiometabolic phenotypes. 4). Precious 

literature suggests that overexpression of Smyd2 Suppress Th-17 Cell but Enhance 

iTreg Cell Differentiation, therefore when deleted macrophage-Smyd2 may promote 

hyper-maturation of T cells in spleens leading upto spleen pathology. 5). Finally, Spleen 

accounts of approximately 25% of all lymphocytes, including B cell maturation and the 

development of humoral immunity, especially for blood-borne antigens such as modified 

lipoproteins (OxLDL) the largest pool of memory B cells 811,812. Therefore, plausibly 

Smyd2 mediates the development and maturation of B/T cells in spleen.  

4.2.2 Cardiovascular Pathology in SMYD2�û�0�-ApoE -/- Mice: Unraveling the 

Role of Smyd2  in Atherosclerosis and Vascular Pathology  

Continuing with the surprising pathophysiological phenotype observed in 

SMYD2�û�0�- ApoE-/- mice fed with 26W of WD, a detailed visual examination indicated 

newer avenue of cardiovascular pathology. Aortic root analysis among the control 

(SMYD2fl/flApoE-/-) and knockout (�- -SMYD2 or SMYD2�û�0�-ApoE-/-) mice fed with WD for 

26 weeks showed significant dilation (9.75 vs16.5 µm) of aortic root (red arrows, Fig 

3.19 A) compared to control. Meanwhile available scientific literature still debates the 
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importance and correlation of aortic dilation vs atherosclerosis risk factor and severity of 

atherosclerosis. In human there is a week correlation between Atherosclerosis risk 

factors and aortic atherosclerotic plaques distal aortic dilatation, suggesting that 

atherosclerosis plays a minor role in aortic dilatation in the population 813. While in 

infrarenal abdominal aorta plaque formation is associated with aortic enlargement and 

decreased media thickness, resulting in subsequent aneurysmal dilation in the 

abdominal aorta 814. Alternatively, this increase in aortic diameters were also associated 

with diastolic blood pressure, high-density lipoprotein cholesterol, atherosclerosis 

diseases and other traditional cardiovascular risk factors 815. Plaque deposition 

associated with localized dilation, thinning of the media, and loss of medial elastic 

lamellae may predispose that segment of aorta to subsequent aneurysm formation. 

Plaque deposits without media thinning, without loss of elastic lamellae, and without 

artery wall dilation may predispose the aorta, in the event of continuing plaque 

accumulation, to the development of lumen stenosis 816,817. In parallel with increase in 

aortic root dilation, SMYD2�û�0�-ApoE-/- also showed significant increase in ORO+ve area. 

Suggesting that �- -SMYD2 mitigate atherosclerosis and when depleted exaggerate 

atherosclerosis and vascular pathology. Taken together, increased in aortic root dimeter 

indicates that accelerated atherosclerotic plaque establishment pushed the aortic wall to 

accommodate increased blood pressure, LDL, Cholesterol, and indicative of sever 

cardiovascular risk factors. However, we did not perform blood pressure experiments for 

this project but are planned for future mechanistic studies.  

 Next, 18 and 10W WD fed (SMYD2fl/flApoE-/- and SMYD2�û�0�-ApoE-/-) mice aortic 

tissue was visually examined for atherosclerotic plaque burden. Following a similar 
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trend as in 26W WD fed mice, SMYD2�û�0�-ApoE-/- mice showed significant increase in 

plaque area as compared to control group (Fig 3.19 C & D). As reported in previous 

sections that at 10W of WD feeding resulted in SMYD2�û�0�-ApoE-/- mice death, we 

carefully evaluated the aortic length from heart to the abdominal aortic branches. Visual 

examination, and some compare contrast with control mice showed an alternative 

phenotype in these SMYD2�û�0�-ApoE-/- mice model. Right atrium of the SMYD2�û�0�-ApoE-

/- mice heart showed the presence of calcified (10% mice, yellow arrow) nodules (Fig 

3.19 B). This for us was another surprise, and when superimposed with mice death with 

left ventricular hypertrophy, approximately around Week 10 of WD feeding indicates that 

there is a close summation that macrophage/monocyte specific Smyd2 deletion results 

in cardiac impairment. With the aim to establish smyd2 in CVD we did not evaluate the 

cause and effect of how Smyd2 monocyte/macrophage impairs heart. Scientific 

literature on right atrium calcified nodules suggests its close association with end-stage 

renal disease (ESRD) patients. Alternative these calcification deposits in an amorphous 

background with fibrin materials and focal inflammation are rare non-neoplastic 

intracavitary cardiac tumor. Solely calcified cardiac masses without inflammation are 

extremely rare non-neoplastic cardiac masses that mimic malignancy on imaging 818,819. 

Off the notes, we also �H�Q�F�R�X�Q�W�H�U�H�G���L�P�S�D�L�U�P�H�Q�W���L�Q���N�L�G�Q�H�\�¶�V���D�U�F�K�L�W�H�F�W�X�U�D�O���G�H�Y�H�O�R�S�P�H�Q�W��

(Fig 3.17 C), significant reduction in kidney weight (Fig 3.17 F), along with available 

literature that Smyd2 facilitate renal disease. When combined our study till now 

identifies that Smyd2 specific monocyte/macrophages mitigates some form of 

cardiorenal syndrome (CRS) 820 that needs further analysis.  
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4.2.3 Deciphering the Role of Macrophage -Specific SMYD2 in 

Atherosclerotic Plaque Formation and Progression: A Microscopic 

Examination of Plaque Characteristics  (Atherosclerotic Plaque 

Characteristics and Vascular Homeostasis) 

As previously discussed, atherosclerosis represents a complex and intricate 

biological process that demands precise coordination and long-term programming and 

reprogramming of various cell types, including VSMCs  and macrophages. This process 

plays a critical role in the development of atherosclerotic plaques, which ultimately leads 

�W�R���W�K�H���Q�D�U�U�R�Z�L�Q�J���R�I���W�K�H���D�U�W�H�U�L�D�O���O�X�P�H�Q�����,�Q���W�K�L�V���V�H�F�W�L�R�Q�����Z�H���G�H�O�Y�H���L�Q�W�R���W�K�H���U�R�O�H���R�I���--SMYD2 

(macrophage-specific SMYD2) in plaque formation and characterization. 

We conducted experiments on aortic root tissues from mice fed a Western diet 

and stained them with Hematoxylin and Eosin to assess plaque characteristics in two 

different genotypes (SMYD2fl/flApoE-/-, SMYD2�û�0�-ApoE-/-). Our findings, consistent with 

previous �R�E�V�H�U�Y�D�W�L�R�Q�V���X�V�L�Q�J���2�L�O���5�H�G���2���V�W�D�L�Q�L�Q�J�����U�H�Y�H�D�O�H�G���W�K�D�W���--depleted-SMYD2 mice 

exhibited a significant increase in total plaque area, % fibrous cap, % necrotic core, and 

% foam cells, while % lipid core was significantly reduced (Fig 3.20 B-H). 

It's important to note that plaque progression is a sequential process that 

commences with an increased plaque cap formed by migratory and proliferative 

VSMCs, encapsulating a microenvironment that influences cellular 

differentiation/dedifferentiation and lipid deposition. As the environment becomes 

hypoxic, cells undergo rapid apoptosis, leading to a reduction in the lipid pool and an 

increase in the necrotic core area, marking the mid-stage of plaque progression. 

Conversely, matured plaques exhibit characteristics such as a reduced total lipid pool 



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 225 

 

area, decreased plaque cap size, minimal foam cells, and a significantly larger necrotic 

core area, signifying plaque stability. Any deviation from these characteristics may result 

in plaque rupture, erosion, or calcification. Our findings suggest that in SMYD2-

depleted-�-���P�L�F�H�����W�K�H�U�H���L�V���D���V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���W�R�W�D�O���S�O�D�T�X�H���V�L�]�H�����D�Q���H�[�S�D�Q�V�L�R�Q���R�I���W�K�H��

necrotic core, and a decrease in lipid content, coupled with a substantial presence of 

foam cells, indicating ongoing and intricate plaque development. Microscopic analysis of 

the plaque architecture reveals a considerable number of dead cells, particularly at the 

plaque cap and within the vasculature (yellow arrow). The presence of these dead or 

calcified cells near the plaque cap raises concerns about the possibility of plaque 

erosion or rupture, which can lead to stroke and sudden death. Consistent with our 

findings, previous literature has indicated that a decreased cap thickness and increased 

foam cell infiltration (macrophages) are associated with plaque rupture. Plaque rupture 

typically occurs at the cap margin or plaque shoulders, although rare cases involve the 

cap regions, mirroring our observed plaque characteristics. Human studies on ruptured 

�S�O�D�T�X�H�V���K�D�Y�H���V�K�R�Z�Q���W�K�D�W���I�L�E�U�R�X�V���F�D�S���W�K�L�F�N�Q�H�V�V���O�H�V�V���W�K�D�Q�����������P���L�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���D�Q��

increased risk of plaque rupture 821.  

Macrophage polarization and inflammation are known contributors to plaque 

stability, progression, calcification, and rupture. Therefore, building on previous 

discoveries that demonstrated the protective role of Smyd2 loss in VSMCs against 

calcification, we investigated whether SMYD2-depleted-�-���P�L�F�H���Z�H�U�H���D�O�V�R���U�H�V�L�V�W�D�Q�W���W�R��

plaque calcifications. Surprisingly, we observed a significant accumulation of both micro 

and macro calcification nodules in atherosclerotic plaque areas and the vascular bed of 

SMYD2-depleted-�-���P�L�F�H�����)�L�J�������������$���D�Q�G�����������������)�X�U�W�K�H�U�P�R�U�H�����D�Q�D�O�\�V�L�V���R�I���D�R�U�W�L�F���W�L�V�V�X�H��
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using myograph experiments revealed that increased microcalcification in the 

vasculature resulted in impaired vascular homeostasis, as evidenced by a slower rate of 

constriction and relaxation of vessels when treated with U4116 and SNPs (Fig 3.21 B-

C). Among macrophages, M1 polarization is associated with plaque progression, 

characterized by initial calcium deposition within the necrotic core of the lesions, known 

as microcalcification. This process involves vesicle-mediated mineralization resulting 

from apoptosis of macrophages and VSMCs, along with VSMC differentiation into early-

phase osteoblasts. Conversely, M2 polarization, known for promoting plaque 

regression, engages in a healing response that leads to macrocalcification through the 

induction of osteoblastic differentiation and maturation of VSMCs. The functional 

relevance of calcification is significant in determining plaque stability, where 

macrocalcification enhances stability while microcalcification is more likely to be 

associated with plaque rupture 21,137,175,794,795,822. Notably, Smyd2 is known to negatively 

regulate TNF-�.���D�Q�G���,�/-6, which may facilitate M2 polarization of macrophages in 

atherosclerotic plaque. 

In conclusion, Smyd2, a protein of interest in the context of atherosclerosis, plays 

a complex role in this disease process. We have uncovered a previously unrecognized 

role of SMYD2�û�0�-ApoE-/- mouse models in plaque formation and characteristics. Our 

findings indicate that the depletion of Smyd2 in macrophages results in the development 

of complex and evolving atherosclerotic plaques, characterized by an increased plaque 

area, expanded necrotic core, foam cell presence, and a reduced lipid core. This study 

also sheds light on the potential role of Smyd2 in regulating macrophage polarization 

and inflammation within atherosclerotic plaques. Furthermore, Smyd2 appears to 
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influence plaque calcification, as its depletion leads to the accumulation of both micro 

and macro calcification nodules, ultimately affecting vascular homeostasis. These 

findings emphasize the intricate involvement of Smyd2 in the progression of 

atherosclerosis, influencing plaque stability, inflammation, and calcification. 

4.2.3.1 SMYD2-depeleted -�-���P�L�F�H���S�U�R�P�R�W�H��vascular calcification  

through transcriptional upregulation of Runx2  and Bmp2  

In our previous investigation, we observed that the depletion of SMYD2 in 

macrophages contributes to the exacerbation of atherosclerosis, marked by the 

calcification of atherosclerotic plaques (macrocalcification) and the vascular bed 

(microcalcification). These outcomes result in impaired vascular homeostasis, affecting 

the contraction and relaxation of the aorta. To delve deeper into the mechanisms 

underlying this phenomenon, we explored the genes known to be involved in vascular 

smooth muscle cell (VSMC) calcification in atherosclerosis. 

Our mRNA analysis of aortic tissue obtained from mice fed a Western diet for 26 

weeks revealed significant upregulation of Runx2 and Bmp2 in SMYD2-depleted 

macrophages (SMYD2�û�-�����F�R�P�S�D�U�H�G���W�R���W�K�H���F�R�Q�W�U�R�O���J�U�R�X�S�����,�Q���F�R�Q�W�U�D�V�W�����0�V�[�����V�K�R�Z�H�G���D��

trend but did not reach a statistically significant level in the SMYD2�û�-���P�L�F�H�����1�R�W�D�E�O�\����

we did not observe upregulation of Sox9, which deviates from the expected norm of 

vascular calcification pathways, suggesting that Sox9 may play a priming role in the 

calcification process. Importantly, when we compared the control group to Smyd2-

depleted macrophages or VSMCs, we found significantly lower expression of Sox9 in 

the latter, indicating that Smyd2 is essential for Sox9 function in vascular pathology (Fig 

3.23 A).  



Smyd2 : Atherosclerotic Cardiovascular Disease (ASCVD)                                                                 228 

 

In contrast to Smyd2 in VSMCs, Smyd2 depletion in macrophages led to a 

significant upregulation of Runx2, Bmp2, and Msx2. It's worth noting that Runx2 has 

been reported to be sufficient to induce vascular calcification, as supported by in vitro 

cell studies on various vascular cells, including calcifying vascular cells, VSMCs, 

endothelial cells, and vascular progenitor cells 247,376,823. Primary signaling pathways 

and post-translational modifications, such as BMP-2, ERK/MAPK, PI3K/AKT, O-

GlcNAcylation, ubiquitination, and SUMOylation, have been implicated in Runx2-

mediated VSMC osteoblastic differentiation 373-375,824.  

In addition to transcription factors that promote vascular calcification, our mRNA 

analysis of genes responsible for inhibiting calcification/mineralization (Sparc, Agg, and 

Sost) showed no aberrant transcription profiles in SMYD2�û�-�����H�[�F�H�S�W���I�R�U���0�J�S�����D�Q�G���2�S�J��

(Fig 3.23 B). Surprisingly, Mgp1 and Opg were significantly increased, contrary to the 

usual expectation that they decreased with increased calcification. On the other hand, 

the calcification/mineralization gene Rankl increased significantly, while Alp was 

inhibited. An intriguing observation is that both knockout genotypes (SMYD2�û�6�0�&ApoE-/-, 

SMYD2�û�0�- ApoE-/-) exhibited significant upregulation of Mgp1 (Fig 3.10 B & Fig 3.23 B), 

and a similar trend in the Opg/Rankl axis (Fig 3.10 C & Fig 3.23 C), This suggests a 

pivotal modulatory role of Smyd2 in vasculature calcification, potentially through non-

canonical regulation via Mgp1 and the Opg/Rankl axis. 

Recent studies on vascular remodeling and bone homeostasis have revealed 

that Rank triggers the release of Rankl, which activates Runx2 through its cytoplasmic 

domain rich in proline motifs. In vascular remodeling and the transformation of VSMCs 

into calcified vessel plaques, increased expression of Bmp2 is associated with basal-
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level VSMC expression of Opg, which potentially inhibits Rankl and, by extension, 

Runx2/Bmp2-mediated functions. In contrast, the anti-calcifying property of Mgp1 is 

linked to its ability to prevent the precipitation of calcium salts within the vasculature. In 

females, estrogen inhibits RANKL-mediated BMP-2 release and increases MGP 

expression, which may explain the higher cardiovascular risk observed in aging women 

after menopause. Additionally, we observed that female mice from both knockout 

genotypes are more resistant to atherosclerotic burden when fed a Western diet, 

possibly due to a significant increase in Mgp1 in these knockout mouse models 825-833.    

Overall, this section of the study found that SMYD2-depleted macrophages 

promote vascular calcification through the transcriptional upregulation of Runx2 and 

Bmp2, resulting in impaired vascular homeostasis, characterized by macrocalcification 

of atherosclerotic plaque and microcalcification of the vascular bed. In contrast, the 

expression of Sox9 deviating from the norms of vascular calcification pathways that 

Sox9 primes the calcification process, indicating that Smyd2 function is essential for 

Sox9 in vascular pathology. Interestingly, Mgp1 and the Opg/Rankl axis showed 

significant upregulation in both SMYD2-depleted macrophage and VSMC models 

compared to their respective controls. This suggests that Smyd2 may play a key 

modulatory role in vasculature calcification through non-canonical regulation via Mgp1 

and the Opg/Rankl axis. These findings highlight the intricate involvement of Smyd2 in 

the progression of atherosclerosis, impacting plaque stability, inflammation, and 

calcification. Alternatively, as shown in bone metabolism that OPG and RANKL have 

opposing roles; RANKL increases the number of active osteoclasts, thus increasing 
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bone resorption, whereas OPG, which neutralizes RANKL, also decreases bone 

resorption. Thus, Smyd2 may participate in MGP1/OPG/RANKL axis 832. 

4.2.3.2 BRD4 mediates vascular calcification in macrophage -SMYD2 

invitro and in -vivo  

Calcification of vasculature is a unique process that can alternatively arise as a 

result of chronic kidney disease (CKD) or through of hypercholesterolemia lead 

atherosclerosis 834. Following wire injury, Brd4 mediates proliferation and migration of 

VSMCs, and neointima formation, while its inhibition using Apabetalone or (+)-JQ1, 

confers protection against vascular calcification remodeling and inflammation 696,835-837. 

Furthermore, trans-differentiation and calcification of VSMCs is associated with the 

redistribution of BRD4 on chromatin to change gene expression and production of 

unique BRD4-rich enhancers related to calcification 696. Therefore, indicating that 

increased expression of Brd4 is associated with calcification of vasculature, we 

evaluated the role of Smyd2 in Brd4 mediated calcification of vasculature through 

Brd4/Runx2 axis.  

To validate our findings, we conducted experiments using primary cells (BMDM) 

obtained from control and SMYD2�û�0�-ApoE-/- mice. Treatment with inorganic phosphate 

revealed that the loss of Smyd2 significantly increased ARs+ve staining, indicating that 

SMYD2 mitigates macrophage calcification, while its loss promotes calcification (Fig 

3.26 A). Additionally, we explored the impact of Brd4 deletion on calcification and found 

that genetic ablation of Brd4 resulted in a significant increase in calcification (Fig 3.28 

A). This suggests that BRD4 mediates macrophage calcification, and its loss promotes 

calcification, which aligns with findings from other studies 696. To further delineate the 
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role of the Smyd2/Brd4 axis, we depleted Brd4 from RAW 264.7 cells with or without 

Smyd2. As expected, there was a significant upregulation of ARs+ve staining in Brd4-

depleted cells. Interestingly, when both Smyd2 and Brd4 were depleted simultaneously, 

there was a significant reduction in ARs+ve staining (Fig 3.28 B). Literature indicates 

that transcriptional regulation of Runx2 by Brd4 results in its upregulation and 

downstream target genes, and in osteogenic differentiation of mesenchymal stem cells 

698,838,839. Using the Runx2 inhibitor (CADD522, 10µM) we demonstrate that the loss of 

Smyd2 or/and Brd4 significantly mitigated calcification in Raw cells (Fig 28 D-F), 

indicating that the loss of Smyd2 increases Brd4 expression, which then binds to the 

Runx2 promoter and contributes to calcification in SMYD2�û�0�-ApoE-/-  mice and Raw 

cells. 

Additionally, protein and mRNA analysis of BRD4 in aortic tissue indicated that 

�- -SMYD2 deletion led to a significant increase in Brd4_short, with an increasing trend 

seen for Brd4_long (Fig 3.24 A & B). To mimic calcification, RAW 264.7 cells with or 

without Smyd2 were treated with Pi (5 mmol/L, 24hr). Brd4 expression increased 

significantly upon Pi treatment, along with Runx2 in Smyd2-depleted RAW 264.7 cells 

(Fig 3.27 C). ). Pharmacological inhibition of BRD4 using (+)-JQ1 showed a significant 

reduction in SMYD2 protein and mRNA levels (Fig 3.27 A & B), suggesting that the loss 

of Smyd2 facilitates a significant increase in Runx2 and Brd4. This underscores the role 

of Smyd2 in mediating vascular calcification through the regulation of Runx2 and 

Brd4.Furthermore, Runx2 is recognized as a master regulator of vascular calcification, 

and our findings align with the notion that Runx2 alone is insufficient to induce 

calcification and requires spatiotemporal coordination with Sox9 and other factors. We 
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evaluated the gene expression profile of key vascular calcification transcription factors 

�L�Q���F�R�Q�W�U�R�O���D�Q�G���--SMYD2 cells (Fig 3.29 A-E). In response to Pi treatment, control cells 

showed a significant increase in Runx2, Bmp2, and Msx2 (Fig 3.29 A). In Smyd2-

depleted cells, Pi treatment resulted in a significant multi-fold increase in Runx2, Bmp2, 

Sox9, Msx2, and Brd4 (Fig 3.29 B) 840. To assess whether Brd4 mediates the 

exponential increase in these gene expression profiles in Smyd2-depleted cells, we 

treated Pi-induced control and knockout cells with or without a Brd4 inhibitor. As 

observed in ARs+ve staining, the addition of JQ1 significantly reduced Pi-induced 

calcification genes in the knockout group compared to controls (Fig 3.29 D).   

Further, Smyd2 has been shown to negatively regulate the expression of Il6 and 

Tnfa, both of which contribute significantly to vascular calcification. We evaluated the 

expression of inflammatory genes (Il6, TNFa, IL1b, and Rankl). Unexpectedly, we were 

unable to recapitulate previous findings in control and Smyd2-depleted cells, possibly 

due to differences in treatment conditions or experimental settings. Nevertheless, Pi 

treatment of control and Smyd2KO cells resulted in a significant increase in 

inflammatory genes, while the addition of JQ1 to Pi-induced cells significantly mitigated 

the expression of these inflammatory genes. Recent reports and review articles have 

highlighted that the inhibition of BET proteins in renal diseases protects against 

complications associated with CKD, such as cardiovascular damage, suggesting the 

potential of epigenetic therapeutic strategies targeting BET proteins for CKD treatment 

and related risks 841-846. In line with these findings, JQ1 has been shown to suppress 

LPS-induced (IL)-���������,�/-6, TNF-�.�����D�Q�G���5�$�1�.�/��847, suggesting that JQ1-mediated 

inhibition of inflammatory cytokine activity may be mediated by Smyd2. While we have 
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not evaluated the exact mechanism through which Smyd2 regulates Brd4, it is worth 

noting that Smyd3 and Smyd5 have been shown to bind and regulate Brd4 848,849.  

Collectively ARs+ve staining suggests that, first, loss of Smyd2 (Fig 3.26 A) or/and 

Brd4 (Fig 3.28 A) results in significant increase in ARs+ve staining. Second, loss of 

Smyd2 increased the expression of Brd4 to drive calcification through regulation of 

Runx2. Third, ablation of Brd4 and Smyd2 simultaneously inhibited calcification in 

macrophages. Fourth, genetic ablation of Brd4 and Smyd2 followed by pharmacological 

inhibition of Runx2 protected against calcification in �- -SMYD2 cells.  

4.3 Dynamics of Notch signaling in Smyd2  knockout mice and its role in 

vascular calcification  

Smyd2's role in cardiac development might not be essential, yet its potential 

involvement in cardiac tissue regeneration after injury has sparked interest. With a 

decrease in Grl (a member of the Hesr family encompassing Hey1, Grl, and HeyL) 

levels following injury, Smyd2 is activated at the edges of injured myocardial cells, 

promoting tissue proliferation and regeneration. The Notch-Delta signaling pathway and 

its downstream targets, Hey1 and Hey2, underscore the key role of Hey1/Hey2 as 

crucial agents in transmitting Notch signals during cardiovascular development. This 

importance is highlighted by the vascular anomalies seen in Jagged1 and Notch1 

knockout mice, suggesting the possibility of manipulating the Grl-Smyd2 network 

strategically to surmount cardiac challenges and expedite heart regeneration in 

mammals 850,851. Subsequent studies underscore the importance of Msx2, a 

downstream target activated by Notch1/RBP-�-�� signaling. Notably, in VSMCs cultured 

under osteogenic conditions, Msx2 exhibits significant upregulation at both mRNA and 
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protein levels. This upregulation also triggers the activation of osteogenic transcription 

factors 701,852,853. The combined knockdown of Notch1 and 3 in these studies results in a 

substantial increase in osteogenic transcription factors and prompts the dedifferentiation 

of VSMCs 854.   

Our comprehensive mRNA analysis of aortic tissue across various genotypes 

including SMYD2fl/flApoE-/-, SMYD2�û�0�-ApoE-/-, SMYD2�û�6�0�&ApoE-/-, uncovers a intricate 

and dynamic scenario. Notably, in SMYD2�û�6�0�&ApoE-/- mice subjected to 26 weeks of 

Western diet (26WD), a pronounced attenuation of Notch1, HeyL, and Hes1 expression 

is evident (Fig 3.30C). This intriguing pattern aligns with the concurrent downregulation 

of Msx2 (Fig 3.9A) and its downstream effectors Wnt3A and Wnt7A (Fig 3.30F), which 

is suggestive of a complex regulatory interplay between Smyd2 and the Notch-Msx2-

Wnt axis. Contrastingly, SMYD2�û�0�-ApoE-/- mice exhibit a conspicuous upsurge in 

Notch1 and HeyL expression, accompanied by a progressive increase in Hes1 levels. 

This observation highlights the dual and independent modulation potential of Smyd2 in 

distinct cellular contexts, implying that it can exert divergent effects on Notch signaling 

pathways within VSMCs and macrophages. Notably, our study underscores that Smyd2 

might serve as a context-specific mediator in the intricate orchestration of Notch 

signaling within the vasculature. Moreover, the functional divergence observed in 

VSMCs from various genotypes underscores the multifaceted role of Smyd2. In VSMCs, 

the deficiency of Smyd2 correlates with a dampened Notch signaling response, 

potentially contributing to altered phenotypic transitions. Intriguingly, the loss of Smyd2 

in macrophages appears to potentiate Notch pathway activity, suggesting a contrasting 

influence on this critical signaling cascade. The complexities surrounding Smyd2's role 
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in Notch signaling modulation across different cell types pique our interest in exploring 

this interaction further through co-culture experiments. 

Collectively, our findings shed light on the intricate interplay between Smyd2 and 

Notch signaling, unveiling its multifunctional role in cardiovascular contexts. The 

contrasting regulatory effects observed within VSMCs, and macrophages underscore 

the nuanced nature of Smyd2's involvement in the Notch pathway. Further 

investigations, especially through co-culture strategies, promise to unveil the underlying 

mechanisms that govern this intricate regulatory network and its potential implications in 

cardiovascular pathophysiology. 

4.4 Summary   

In summary, atherosclerosis is a highly intricate process characterized by the 

intricate orchestration and long-term programming of various cell types, including 

VSMCs  and macrophages, each exhibiting different phenotypic characteristics 

resembling other cell types (such as osteo/chondrocyte-like or mesenchymal stem cell-

like traits). In this study, we delved into the previously unexplored role of Smyd2 in 

atherosclerosis, employing two distinct approaches and mouse strains 

(SMYD2�û�6�0�&ApoE-/-, SMYD2�û�0�-ApoE-/-).  

The initial segment of our findings, utilizing the SMYD2�û�6�0�&ApoE-/- strain, 

unveiled two potential mechanisms through which Smyd2 impacts atherosclerosis: 1) 

Smyd2 appears to regulate Sox9 by potentially influencing p65 activity (via methylation 

or phosphorylation), subsequently affecting its binding to the Sox9 promoter, and 2) it 

may induce oxidative stress in the vasculature by modulating the HO1/Nrf2 and Gpx4 

pathways. Furthermore, we suggest that Smyd2-methylated histones (H3K4 or H3K36) 
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might play a role in Sox9 activity regulation, although additional research is warranted to 

confirm this. 

The subsequent section of our results, using the SMYD2�û�0�-ApoE-/- strain, 

illuminated the interplay between macrophage Smyd2 and endothelial cells (EC) as well 

as VSMCs  in mitigating the severity of atherosclerosis and cardiometabolic disease. 

The depletion of Smyd2 in monocytes/macrophages had the following effects: 1) 

exacerbation of atherosclerosis severity due to the impairment of vascular homeostasis, 

affecting aortic contraction and relaxation, 2) increased presence of micro- and macro-

calcifications within the vasculature and atherosclerotic plaques, and 3) elevated 

expression of Brd4 and Runx2, both contributing to calcification via distinct 

mechanisms. 

Results from both knockout mouse strains show that Sox9 inhibition in VSMCs is 

tissue-independent, and Mgp1 is upregulated in VSMCs irrespective of tissue type. 

These findings underscore Smyd2's multifaceted role in atherosclerosis, impacting 

plaque formation, stability, inflammation, and calcification. These findings provide 

valuable insights into the complex mechanisms underlying atherosclerosis and highlight 

necessitating further research to elucidate Smyd2's mechanisms in vascular 

calcification and explore potential therapeutic approaches.   
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