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ABSTRACT OF THE DISSERTATION 

 

Translational regulation medicated by lncRNA Miat 

in cardiac hypertrophy 

by  
He Wang 

Doctor of Philosophy 
 In 

 Molecular, Cellular and Integrative Physiology 
University of California, Los Angeles, 2020 

Professor Yibin Wang, Chair 
 

Elevated protein synthesis is a fundamental mechanism contributing to a growing 

heart, during which both translation efficiency and capacity are enhanced (6-8). 

Translation efficiency focus on existing ribosomes in the cytosol, involving how 

signaling pathways regulate translation initiation, elongation, termination and 

ribosome recycling to affect translation in a cell(9-12). In the cardiomyocytes, mRNA 

of MHC loading to the polysomes(15), phosphorylation of ribosomal protein, S6, or of 

the peptide chain initiation factor, elF-4E by mTOR (16) are well-characterized 

mechanisms of translation efficiency regulation. While little of translation capacity, 

or ribosome biogenesis in the heart has been explored.   In the heart, ribosome 

biogenesis is vital in rapid growth conditions such as cardiac development, 

hypertrophy and pulmonary artery stenosis(7). The left ventricular weight increases 

82% in 4 days following birth in the newborn pig(17) serves as a good example 
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illustrating that regulation of translation efficiency only cannot meet the demand of 

elevated protein synthesis. 

Biogenesis of ribosomes, the only and universal translation machinery in the cell, is 

a tremendous work.  All three RNA polymerases, estimated 70% of mature ribosomes 

and more than 200 assembly factors are devoted in this tightly controlled process(14, 

18, 19). It starts from rDNA transcription, the pre-ribosomal RNA 45S/47S is 

synthesized by Pol I, followed by ribosomal RNA processing in the nucleoli, carried 

out by ~150 exonucleases, processing factors and ribosomal subunit assembly factors. 

The rRNA stands as a scaffold to be decorated by ribosomal proteins, then exported 

into the cytosol as the 40S and 60S subunits. In the heart, regulation of this assembly 

chain is largely dark as only few studies examined the rDNA transcription level. 

In the thesis, we identified a long non-coding RNA Miat is associated with cardiac 

hypertrophy from an unbiased approach and analyzed the transcriptional change in 

the pressure overload mouse model to discover that Miat regulates the ribosomal 

genes and ribosome assembly associated genes. To confirm its impact on translation, 

we found that Miat is required for increased protein synthesis in cardiomyocytes. 

More remarkably, lack of Miat showed protective effect to the heart in multiple stress-

induced cardiac growth models. Mechanistically, we found that Miat binds to 

nucleolin (NCL) via conserved binding motifs, and such binding is vital for ribosome 

biogenesis. NCL is a protein required for rDNA transcription and functions as the 

early processor of 45S/47S rRNA (1, 20, 21), however, how NCL mediates 45S/47S 

rRNA processing in the nucleoli region remained unknown. We found that Miat-NCL 

binding is vital for rRNA processing, nucleoli formation and ribosome biogenesis in 
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the cardiomyocytes. Therefore, our study provided one of the first detailed examples 

of how ribosome biogenesis is regulated in the heart and how alteration of translation 

capacity affects cardiac function in pathological growth.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 v	

The dissertation of He Wang is approved. 
 
 
 
 

 

Reza Ardehali 

 

Jau-nian Chen 

 

Thomas Vondriska 

 

Yibin Wang, Committee Chair 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

University of California, Los Angeles 
 
 

2020 
 



	 vi	

 
DEDICATION 

 
 
 
 
 
 
 
 
 
To my parents, Shu-ye and Xiu-hui, for your unconditional and unlimited love;  

To my little brother Zhong-zi, for the sunshine and humor you bring into my life; 

To Josh, for your trust and love, especially when I don’t even hold them to myself; 

Last but not least, 

To my dog JoJo, for you are the one spent the most time with me on this journey. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 vii	

 
TABLE OF CONTENTS AND LISTS 

LIST OF TABLES----- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ------ --- - -- --- - -XI 

LIST OF FIGURES----- --- --- --- --- ------ --- --- --- --- ----- --- --- --- --- --------- - -- --- ---XII 

ACKNOWLEDGEMENTS --- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- --------- ---VII 

BIBLIOGRAPHY---- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ------ --- --------- ----IX 

ABSTRACT----- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ------ --- --- --- - ------ --- III 

GLOSSARY---- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ---- ----XIII 

TABLE OF CONTENTS----- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ----- --- ----XIV 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 viii	

 
ACKNOWLEDGEMENTS 
 
 
It’s been an amazing journey to explore in a foreign country, to pursue the training 

satisfying my curiosity, to search for the hope of the patients on a research bench. 

The past five years in this beautiful campus has shaped me into a better version of 

me, who now has much more resistance to failures, responsibility to the world, and 

enthusiasm to science.  

 

I would like to first thank my Ph.D. mentor: Dr. Yibin Wang, who sometimes 

challenges, often guides and always supports me. You have helped this shaping 

process greatly with your rigorous training in science and your kind comfort to ease 

the pain of growth. I learned so much from your generosity in treating others and 

your wisdom in life which will forever be a treasure of mine to keep.  

 

This project has received lots of advice and suggestions from the first day. I would 

like to thank all the people who helped to make it so wonderful.  My committee 

members Dr. Thomas Vondriska, Dr. Jau-nian Chen and Dr. Reza Ardehali I also 

want to thank Dr. Steve Clark, Dr. Tracey Johnson, Dr. Douglas Black, Dr. Tomas 

Ganz, Dr. Ming Guo and Dr. Grace Xiao for your training and support in my project. 

 

I would like to thank my husband Josh Lee, who met me at my bench in my first year 

and has carried out a colorful life with me ever since. We have walked together in 

many kinds of weathers and situation, which has made my world much bigger and 



	 ix	

my life more meaningful. You are my best companion, when we travel on the road or 

stay at home. 

 

I would like to thank my dear friend Shuin (Sue) Park, who has been my classmates, 

my bridesmaid, JoJo’s favorite Auntie, and my roommate in the past five years. For 

many years in the future, I will miss our nerdy talks with the whiteboard and our 

girls talk with laughter and tears (and lots of beer!). I cannot imagine a graduate 

school life without you.   

 

To all the lab members in the Wang lab and MCIP faculty and stuff, your companion 

and support have made me a true bruin just like the sunshine in Los Angeles.  I came 

to the U.S. alone in 2014 Fall, but now thanks to all the people around, I am now with 

a loving family, a husband and a dog, a son to expect, and many friends and mentors 

who always back me up to become who I am. I love you all, and will forever appreciate 

our time spent together.  

 

 

 

 

 

 

 

 



	 x	

BIBLIOGRAPHY 

BIOGRAPHICAL SKETCH 
 

NAME: He (Iris) Wang 
POSITION TITLE: Graduate Student Researcher 
EDUCATION/TRAINING  

INSTITUTION AND LOCATION DEGREE TIME FIELD OF STUDY 
 

Xi’an Jiaotong University, Xi’an, China 
Xi’an Jiaotong University, Xi’an, China 
University of California, Los Angeles 

B.S. 
B.A. 

     Ph.D. 

09/2009 - 10/2014 
 09/2009 - 07/2014 
 07/2014 -  

 

Forensic Medicine 
Business Management* 
Molecular Physiology 

Date of advancement to doctoral candidacy: December 13th, 2016 
*This is a double-major degree 
 
A. Positions and Honors 
Positions in Research 

2011 – 2014 Undergraduate Research Assistant,  
   China National Key laboratory of Forensics 
2014 –       Graduate Student Researcher, UCLA 

Other Professional Experience  
2011 – 2014 Senior Student Counselor of Forensic & Medicine Department, XJTU  
2012 – 2014 Residency in Shaanxi Provincial People’s Hospital                                                               
2013 – 2014 Forensic Assistant in Shaanxi Forensic Science Service Center                                                     
2016 – 2017 Vice President, UCLA Chinese-American Students and Scholars Seminar    
2017 -   President, UCLA Chinese-American Students and Scholars Seminar  
2019 -     Senior Graduate Student Mentor 

Honors & Awards 
 2009  Si-Yuan Scholarship                ¥3,000                                                                                         

2010  China National Scholarship                 ¥8,000 
2011  First Prize in China 4th National Language Skills Competition  

  Peng-Kang Scholarship              ¥5,000                                                                                  
    2012  Outstanding senior students Counselor                                                                     

  UCLA-CSST Best Poster Presentation of 2013  
  Si-Yuan Scholarship         ¥3,000 

2014  Outstanding Graduates in XJTU                                                                      
  China Scholarship Council Scholarship    $104,000 

UCLA-GBP Incentive program     $3,000 
    2015  Jennifer S. Buchwald Graduate Fellowship in Physiology  $15,400 

2017  American Heart Association Pre-Doctoral Fellowship  $53,688 
UCLA-GBP Incentive program     $3,000 

2018 UCLA Cardiovascular Symposium poster presentation award $500 
UCLA-GBP Incentive program     $3,000 

 
B. Contributions to Science 



	 xi	

Publications  
1. Zhihua	Wang,	Xiao-Jing	Zhang,	 Yan-Xiao	Ji,	Peng	Zhang,	Ke-Qiong	Deng,	Jun	Gong,	Shuxun	

Ren,	Xinghua	Wang,	Iris	Chen,	He	Wang,	…,	Hongliang	Li	&	Yibin	Wang.	The	long	noncoding	
RNA	Chaer	defines	an	epigenetic	checkpoint	in	cardiac	hypertrophy	Nature	Medicine	22,	
1131–1139	(2016)	

2. LncRNA	MIAT	regulates	cardiac	pathological	hypertrophy	via	ribosomal	biogenesis	control.	
He	Wang,	Zhihua	Wang,	Yifan	Wang,	Christopher	Rau,	Chen	Gao,	Xinshu	Ren,	Jonelle	
White,	Steven	Clarke,	Yibin	Wang	(In	submission)	

3. Ribosome	biogenesis:	empower	the	engine	for	cardiac	hypertrophy.	He	Wang,	Yibin	Wang	
(invited	review,	in	submission).	
	

(All following publications are translated from Chinese) 
4. He	Wang,	Yinan	Wang,	Jinwei	Shi,	Zheng	Chu	(2013,	January).	Appraisal	of	the	basketworks	

in	NO.M1	tomb	of	the	mausoleum	at	Feng	Qi	Yuan	in	Western	Han	Dynasty.	The	Universe	
(ISSN1006	-	2335)	

5. He	 Wang,	 Yinan	 Wang,	 Jinwei	 Shi,	 Zheng	 Chu	 (2012,	 December).	 Four	 kinds	 of	 DNA	
extraction	 methods	 in	 old	 bone	 DNA	 testing	 in	 performance	 evaluation.	Medicine	 and	
Jurisprudence	(ISSN1674-7526)		

6. He	 Wang,	 Yinan	 Wang,	 Zheng	 Chu,	 Jinwei	 Shi	 (2012,	 October).	 Clarification	 of	 in	 flora	
containers	in	NO.M1	tomb	of	the	Zhang	Anshi	mausoleum	(Western	Han	Dynasty).	Journal	
Of	Tianjin	Medical	University	(ISSN1006	-	8147)		

7. Xuewei	Zhang,	He	Wang,	Zhuo	Mao	(2012,	October).	Study	on	voicing	mechanism	of	Crist	
Ibis	and	Its	Foxp2	gene.	Journal	of	Tianjin	Medical	University	(ISSN1006	-	8147)		

Presentations   
09/2015	 From	clinic	to	bench:	what	do	we	get?	Seminar	for	Biomedical	Education	Program,	
UCLA		

      08/2013  Biomarkers in saliva: new landscape for periodontal disease. CSST 2013 life 
science seminar, California NanoSystems Institute, UCLA                                                    
 
Poster Presentations 

08/2013 Periodontal diseases: the most common infectious disease in the world. He Wang, 
Samantha Chiang, Xinmin Yan, David T. Wong, CSST program, California NanoSystems 
Institute, UCLA                                                                       
09/2016 Myocardial Infarction Associated Transcript (MIAT): a regulator of ribosomal 
function linking to pathological cardiac growth in heart diseases. Zhihua Wang, He Wang, 
Christopher Rau, Xinshu Ren, Yibin Wang, Cardiovascular Symposium, UCLA 
04/2018    lncRNA Miat contributes to cardiac hypertrophy and regulate ribosome expression. 
He Wang, Zhihua Wang, Christopher Rau, Xinshu Ren, Yibin Wang. Cold spring harbor 
conference, Suzhou, China 
07/2018  lncRNA Miat contributes to cardiac hypertrophy and regulate ribosome expression. 
He Wang, Zhihua Wang, Yifan Wang, Christopher Rau, Chen Gao, Xinshu Ren, Jonelle White, 
Steven Clarke, Yibin Wang. American Heart Association BCVS, San Antonio, TX 
10/2018     Matter of translation: lncRNA Miat in cardiac hypertrophy. He Wang, Zhihua Wang, 
Yifan Wang, Christopher Rau, Chen Gao, Xinshu Ren, Jonelle White, Steven Clarke, Yibin 
Wang. Cardiovascular Symposium, UCLA   

 



	 xii	

LIST OF FIGURES 

Figure 1-1. rDNA locus and rRNA structure. 
Figure 1-2. Overview of pre-rRNA processing in mammalian cells.  
Figure 2-1. Miat is significantly associated with lung weight in isoproterenol 
treated mice. 
Figure 2-2. Miat expression in mice hearts in C57/BJ, BALB/Cj and FVB/nJ 
strains. 
Figure 2-3. Miat knockdown protects NRVMs from PE induced cellular 
hypertrophy.  
Figure 2-4. Generation of Miat knockout (Miat KO) mouse model. 
Figure 2-5. Miat KO mouse is resistant to TAC-induced hypertrophy.  
Figure 2-6. Cardiac hypertrophic marker genes expression in TAC mouse 
model.  
Figure 2-7. Cardiac functions are protected in Miat KO TACed hearts.  
Figure 2-8. Cardiac functions are protected in minipump mouse model.  
Figure 2-9. Hypertrophic marker gene expression in minipump mouse 
model.   
Figure 3-1. Ribosome subunits assembly process. 
Figure 3-2. Nucleolin structure and known binding sites.  
Figure 4-1. Miat regulates ribosomal gene expression in the heart. 
Figure 4-2. Schematic illustration of puromycin labeling assay.  
Figure 4-3. Miat is required for elevated protein synthesis. 
Figure 4-4. Miat regulates ribosome assembly genes and pre-rRNA.  
Figure 4-5. Miat dominantly expresses in the nucleus and does not 
translocate under stress. 
Figure 4-6. Design of Northern blotting probes ITS1 and ITS2. 
Figure 4-7. Miat KO abolishes pre-RNA processing.  
Figure 4-8. Ribosome profiling reveals less ribosomes are assembled under 
growth in Miat KO MEFs. 
Figure 5-1. Miat contains multiple NCL binding sites.  



	 xiii	

Figure 5-2. Miat binds to NCL and is required for NCL-pre-rRNA binding. 
Figure 5-3. Miat-NCL interaction mediates protein synthesis in 
cardiomyocytes synergistically.  
Figure 5-4 PE induces nucleoli formation in NRVMs. 
Figure 5-5. PE induces nucleoli formation in NRVMs is Miat dependent.  
Figure 5-6. Miat is required to maintain cell cycle and cell size in MEF. 

 
LIST OF TABLES 

Table 1-1. Ribosome biogenesis factors 
Table 2-1. List of lncRNA regulators in cardiac development and diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	 xiv	

GLOSSARY  

Cardiovascular disease (CVD)  

Phenylephrine (PE) 

Knockout (KO) 

Knockdown (KD) 

Mitogen-activated protein kinase (MAPK) 

Mass spectrometry (MS)  

Preinitiation Complex (PIC) 

the GTPase-activating protein(GAP) 

Cryogenic electron microscopy (cryoEM) 

the internal guide sequence (IGS) 

ribosomal RNAs (rRNAs) 

ribosomal proteins (RPs) 

nucleolar organizer regions (NORs) 

ribosomal DNA (rDNA) 

upstream promoter elements (UPE) 

 

 

 

 

 

 



	 xv	

TABLE OF CONTENTS 

CHAPTER I. CARDIAC HYPERTROPHY AND TRANSLATION--- --- --- --- --- ---1 

1.1 Cardiac hypertrophy 

1.1.1Transcriptional regulation of cardiac hypertrophy 

1.1.2Translational landscape of cardiac diseases 

1.2 Mechanisms regulating muscle mass 

1.2.1 Translation efficiency 

1.2.1.1 Initiation 

1.2.1.2 Elongation 

1.2.1.3 Termination and recycling 

1.2.2 Translation capacity  

1.2.2.1 The ribosome 

1.2.2.2 Ribosome biogenesis  

1.2.2.3 The ribosomal genes 

1.2.2.4  rDNA transcription  

1.2.2.5 Processing and maturation of pre-rRNA  

1.2.2.6 Key regulators of ribosome biogenesis 

1.3 Thesis goal  

CHAPTER II. LONG NONCODING RNA MIAT REGULATES CARDIAC 

HYPERTROPHY UNDER STRESS--- --- --- --- --- ------ --- --- --- --- ------ --- --- --- -- ---13 
 

2.1 Long noncoding RNAs in the heart 

2.2 Identification of Miat 

2.3 Material and methods  

2.3.1 Animals 



	 xvi	

2.3.2 Cell cultures 

2.3.3 Transverse aortic constriction surgery 

2.3.4 Echocardiography. 

2.3.5 Real-time RT–PCR analysis 

2.3.6 RNA deep-sequencing and transcriptome analysis 

2.3.7 Immunoblotting analysis 

2.3.8 Statistical analysis 

2.4 Results and findings 

2.5 Discussion 

Acknowledgements 

CHAPTER III. RIBOSOME BIOGENESIS AND RNA BINDING PROTEIN 

NUCLEOLIN --- --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ------ --- --- --- --- ----- ---30 

3.1 Introduction 

3.2 Nucleolus, the birthplace of ribosomes 

3.3 Nucleoli and cardiac diseases 

3.4 Nucleolin, a critical nucleolar protein for ribosome biogenesis 

3.5 NCL in cardiac diseases 

CHAPTER IV MIAT REGULATES RIBOSOMAL GENE EXPRESSION AND 

PROTEIN SYNTHESIS IN CARDIOMYOCYTES--- ------ ------ ------ ------ ------ ---- ---35 

4.1 Introduction 

4.2 Methods and materials 

4.2.1 Protein synthesis labeling in vitro and in vivo 

4.2.2 Northern blotting  

4.2.3 Ribosome profiling  



	 xvii	

4.3.4 Subcellular RNA extraction 

4.3 Results and findings 

4.4 Discussion 

Acknowledgements 

CHAPTER V. MIAT BINDS TO NUCLEOLIN AND REGULATES PROTEIN 
SYNTHESIS AND NUCLEOLI FORMATION IN CARDIOMYOCYTES--- ------- ---50 
 

5.1 Introduction 

5.2 Methods and materials 

5.3 Results and findings 

5.4 Discussion 

Acknowledgements 

CHAPTER VI. SUMMARY --- ------ ------ ------ ------ ------ ------ ------ ----- ------- ------ ---60 

6.1 Working model 

6.2 Future perspectives 

REFERENCE--- ------ ------ ------ ------ -------- ------ ------ ----- ------- ------ ------ ------ ------ 62 

 

 

 

 

 

 

 

 



	 1	

CHAPTER I. CARDIAC HYPERTROPHY AND TRANSLATION 

1.1 Cardiac hypertrophy 

Cardiovascular disease (CVD) remains the leading cause of death worldwide. In the 

United States, CVD was responsible for 840,768 deaths in 2016. The annual total cost 

of CVD in the United States was a heavy economic burden to the health care system, 

estimated at $351.2 billion in 2014-2015 (22). Cardiac hypertrophy is a compensatory 

change of cardiac wall thickening, myocardial weight increase and myocardial 

remodeling that occurs in the heart under pressure overload. This initial 

compensatory mechanism may lead to heart failure if the stress sustained. As adult 

cardiomyocytes are terminal-differentiated, cellular growth of cardiomyocytes is the 

major reason, which is regulated by gene expression. Previous studies of pathogenesis 

of cardiac hypertrophy have been focusing on gene transcription, metabolic changes 

and signal transduction regulations etc. Although enhanced protein synthesis was 

observed more than 80 years ago and is one of the most consistent changes during the 

cardiac hypertrophy process across species, little is known about the regulation and 

underlying mechanisms of protein synthesis and translation in cardiac hypertrophy. 

 

1.1 .1Transcriptional regulation of cardiac hypertrophy 

Thanks to many advanced technologies in biomedical science, i.e. microarray, deep 

RNA sequencing, ChIP-sequencing and mass spectrometry, the gene expression 

pattern of cardiac hypertrophy have been reveal at multiple layers. Overall, 

hypertrophy of cardiac myocytes is the result of the imbalance expression between 

pro-hypertrophic factors and anti-hypertrophic factors. This has been observed at 

chromatin structure and histone modification level(23, 24), DNA methylation level 
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(25, 26), transcriptome level including RNA splicing events, non-coding RNAs and 

microRNAs ((27, 28) ), signaling pathways, especially MAPK signaling pathway((29)) 

and proteomics level(30, 31). 

 

1.1.2 Translational landscape of cardiac diseases 

Gene expression in the heart development and diseases has extensively been studied 

at the transcription layer, largely neglecting translational regulation. As one of the 

most fundamental activities of a living cell, translation is the process where mRNAs 

are decoded into polypeptides, which then be processed and folded into functional 

proteins. It has been noticed back in the 1950s that both translation efficiency and 

capacity in cardiomyocytes are actively regulated under hormonal stimuli(12, 32). In 

the cardiac hypertrophy, translation efficiency and capacity are up-regulated and 

such phenomena persist throughout hypertrophy process as described by Morgan and 

Nagai via multiple animal studies(6, 7).  Mechanistically, mTOR pathway has shown 

to be critical for regulating translation efficiency by phosphorylation critical 

translation initiation factors eIF4B and translation capacity through S6Kinase 

signaling pathway and ribosome assembly factor Maf1 which affect ribosome 

biogenesis in the cell(11, 33, 34).  However, mTOR mediated cellular growth is not 

specific to the cardiomyocytes, nor it is close to a complete picture of translation 

regulation in the heart.  

Recent years, due to application of Ribo-seq, which captures the footprint of mRNA 

loading to ribosomes, we could take a closer look at the translatome of human heart. 

Heesch et al. by examining 80 healthy or dilated human hearts, identified novel 
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translation events in the heart and extensive translational control of cardiac gene 

expression in a process-specific manner (31). Widespread translational control in 

fibrosis was reported, too(35). These findings highlight the importance of 

translational regulation in the cardiac diseases and raise great interest in the field to 

uncover underlying mechanisms. 

 

1.2 Mechanisms regulating muscle mass 

Adult cardiac tissue is adaptive to pressure overloading and increased physical 

activity by up-regulating catabolism. The hypertrophy of cardiac tissue is dictated by 

the balance of protein synthesis and degradation. Sanford’s study using a L-thyroxine 

injection induced rat cardiac hypertrophy model, showed that in hypertrophic hearts, 

the driven force is enhanced protein synthesis which increased by 22% while the 

protein degradation rate remains relatively constant, especially in the long term (36).  

Protein synthesis in a tightly regulated energy-consumptive process. To achieve 

higher protein synthesis rate, the cell must increase translation efficiency, which is 

the speed of new polypeptide generated by per existing ribosome, or to increase 

translation capacity, the number of total ribosomes in the cell.  

 

1.2.1 Translation efficiency 

Given an existing ribosome, the translation of mRNA consists of three steps: 

translation initiation, translation elongation and translation termination and 

ribosome recycling whereas the initiation is considered as the rate-limiting step. 
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However, there is increasing evidence showing elongation also regulated the speed of 

translation and can act in a mRNA specific manner(37, 38). 

 

1.2.1.1 Initiation 

In the cytosol, initiation starts with the assembly of Met-tRNAi-eIF2-GTP complex. 

Free small (40S) subunits of ribosomes, along with eIF1A and eIF3 are recruited to 

form the 43S Preinitiation Complex (PIC). With the eIF4s (eIF4F, eIF4E, eIF4A and 

eIF4G), the 5’ cap of mRNA is captured by the 43S PIC and prepared for translation 

as the mRNA secondary structure is unwind by eIF4A. The 43S PIC and eIF4F-

mRNA then scan the mRNA sequence for the start codon AUG, which form an 

anticodon pair of Met-tRNAi to trigger the hydrolysis of the GTP-eIF2 bound, with 

eIF5 functions as the GTPase-activating protein(GAP). The GDP-eIF2, with assist of 

eIF5B, then releases other complex to enable recruitment of large (60S) ribosomal 

subunit. This 80S translation machinery is committed to read codons and insert 

corresponding aminoacyl-tRNAs and generate the first peptide bind between two 

amino acids. 

Initiation has been studied extensively as the rate-limiting step of translation and it 

responds to many stress, nutrients and growth factors. Among known mechanisms of 

initiation regulation, it is not surprising that mTOR is the master regulator, as it 

senses and processes a wide range of nutrients, growth factors and mechanical stress. 

eIF4E binding protein-1 (4EB-P1) inhibits initiation while binding eIF4E, once 

phosphorylated by mTOR, the eIF4E is released and binds to the 5’ cap of mRNA. 
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P70S6K also shows strong effect on protein synthesis, however, the detailed 

mechanism remains unclear.  

 

 1.2.1.2 Elongation 

Elongation is the step when amino acids are added to form peptides until the stop 

codon (UAA, UGA, UAG) is read. It is cyclic and requires charged tRNAs conjugated 

with amino acids, aminoacyl-tRNA synthetases and elongation factors. During 

elongation, 1) specific tRNA is sorted from the pool by tRNA synthetases to deliver to 

the elongation factor for ribosome entry; 2) a peptide bond with the previous amino 

acid is formed once the tRNA reaches the ribosome; 3) the ribosome trans-locates to 

read the next codon. 

In this step, elongation factor 2 (eEF2) is the well know knot for regulation. When 

there’s a decreased ratio of ATP/AMP in the cell which suggesting a higher demand 

of other cellular activities other than protein synthesis, AMPK activates eEF2k which 

phosphorylates and inactivates eEF2 to lower down global translation rate. eEF2k 

also contains several mTOR phosphorylation residues which shows opposite function 

compared to AMPK mediated kinase activity. Specifically, p70S6K phosphorylates 

inhibitory site in eEF2k to permit elongation process. 

 

1.2.1.3 Termination and recycling 

Termination occurs when the stop codon reaches the ribosome. Eukaryotic Release 

Factors 1 (eRF1) recognize the stop codon and eRF3 hydrolyses the GTP to release 
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the polypeptide. Several components of the translation machinery, including 40S and 

60S subunits, tRNA, and mRNA are disassembled by eIF3 and recycled.  

Fewer studies focus on translation termination and recycling compared to the first 

two steps, but there is more evidence stating this last step is essential to the overall 

translation rate in the cell as it largely determines available free ribosome numbers 

in the cytoplasm. One example is that in bacteria, defect in IF3 releasing the tRNA 

from the 30S subunit halts reassembly of the 70S ribosome(39). Sogorin et al. showed 

that in a cell free system, the termination and initiation is coupled within 

polyribosomes(40).  

 

1.2.2 Translation capacity  

Translation capacity allows sustained increased protein synthesis in the cell. 

Ribosome biogenesis is a tightly controlled, step-wise process to generate new 

ribosomes. Although this is a key capacity to promote protein synthesis in a 

cardiomyocyte under growth stimulation, it has been poorly understood so far. 

 

1.2.2.1 The ribosome 

The ribosome has been considered as an honest machine to read mRNAs. This 

complicated organelle is composed of 4 ribosomal RNAs (rRNAs, 5S, 5.8S, 18S, 28S) 

and 80 ribosomal proteins (RPs). rRNAs are non-coding ribozymes which forms the 

backbone of a ribosome for the RPs to assemble. The mature 80S contains 2/3 rRNA 

and 1/3 protein content, with a small subunit 40S composed of 18S rRNA plus 33 RPs 

and the large 60S subunit composed of 5S, 5.8S, 28S plus 50 RPs. Recent years, single-
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particle cryoEM has revealed the near-atomic structure of the human ribosome(41), 

which has provided structural basis of specific molecular interactions within the 

translation machinery and subunit interface, to facilitate ribosome-targeting drug 

development. 

 

1.2.2.2 Ribosome biogenesis  

Ribosome biogenesis is a great effort to the cell: all three RNA polymerases, more 

than 200 assembly factors and 80 ribosome proteins are required to generate a new 

ribosome.(42) This process is strictly controlled in time and space, which involves 

complicated steps of DNA transcription, processing, maturation and assembly of two 

subunits.  

Morgan was the first one answered the question of how much does ribosome 

biogenesis contribute to protein synthesis in a hypertrophic heart. In the rat cardiac 

hypertrophy model, he showed it was associated with a 25% greater content of rRNAs, 

termed capacity for protein synthesis(6).  

 

1.2.2.3 The ribosomal genes 

Human genome contains more than 400 copies of a 43kb ribosomal DNA (rDNA). They 

are tandemly arrayed in the nucleolar organizer regions (NORs) on five pairs of 

chromosomes (Figure 1-1)(43). The coding region which contains the sequences from 

18S to 28S (pre-45S) is 13kb, and the internal guide sequence (IGS) contains key 

regulatory elements for the transcription of pre-45S. In humans, both the upstream 
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promoter elements (UPE) and the core promotor region have been identified 

fundamental for transcription initiation(44).  

 

1.2.2.4 rDNA transcription  

The de novo synthesis of rRNA marks the first rate-limiting event in ribosome 

biogenesis. The Pol I is dedicated to transcribing 45S pre-rRNA while Pol II to 

ribosomal protein mRNAs and Pol III to 5S rRNA and tRNAs.  

The transcription of Pol I requires the formation of the PIC with the core players 

upstream binding protein (UBF), the selectivity factor (SL1), transcription initiation 

factor (TIF-1A) proteins. UBF forms a dimer that binds to UPE and the core promotor 

region to recruit other initiation proteins including SL1 to the rDNA and is regulated 

by nutrient and hormonal signals. The SL1 complex brings in necessary transcription 

factors like TATA-binding protein and their associated factors. TIF-1A is the protein 

recruits the Pol I complex to start the transcription. UBF and SL1 are kept bounded 

to the promotor region during elongation, and the transcription is completed when 

termination elements at the 3’end stalls the movement of Pol I. 

Figure 1-1. rDNA locus and rRNA structure. Modified from Frederic Pontvianne et 
al  (1, 2).  
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1.2.2.5 Processing and maturation of pre-rRNA 

Processing and maturation of pre-rRNA is a series of essential steps to cut and fold 

45S rRNA into 28S, 18S and 5.8S rRNA for ribosome assembly (Figure 1-2). 

Simultaneously with the transcription, cleavage sites that mark the internal 

transcribed spacers(ITS) and external transcribed spacers(ETS) are recognized by 

enzymes for removal and degradation. Many critical steps including removal of the 

ITS1 and the adding of ribosomal proteins happens in the membrane-less region 

inside of nucleolus. These steps require coordination of many assembly factors and 

Figure 1-2. Overview of pre-rRNA processing in mammalian cells (human and murine). Cleavage of the 45S (47S) pre- rRNA can start 
in the 5′-ETS (red) or in the ITS1 (green). Pre-rRNA is processed stepwise by exonucleases to produce 18S, 5.8S and 28S transcripts. 
Modified from Anthony K. Henras et al. (14) 
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exporting factors which are not yet well studied in mammalian cells. Finally, pre-40S 

and pre-60S particles are exported into cytoplasm for protein synthesis. 

 

1.2.2.6 Key regulators of ribosome biogenesis 

Current known regulators of ribosome biogenesis are quite limited to signaling 

pathways. PI3K/Akt/mTOR and ERK pathways phosphorylate the PIC complex (UBF 

and TIF-1A) to regulate the transcription of rDNAs(45, 46); CDK2/cyclin E kinase 

phosphorylate TIF-1A and positively regulates rDNA transcription(47); AMPK is 

shown to stabilize the association between TIF-1A and SL1(48). Figure 1-3 shows key 

pathways regulates ribosome biogenesis and table 1-1 lists current findings of 

essential regulatory proteins of ribosome biogenesis process. 

Figure 1-3 Key pathways regulates ribosome biogenesis. mTORC1 regulation is 
indicated in black while c-myc in gray. Based on RNA Pol I, II or III activity, key 
responsive proteins are grouped based on stage of ribosome biogenesis. Modified 
from Katherine I. Farley-Barnes et al(5).  
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Table 1-1 Ribosome biogenesis factors 

Gene 
name/symbol Functions Reference 

5’-3’ XRN2 Exonuclease acting in 5’-3’ direction for 
first cleavage step of pre-rRNA (49) 

Nop56 Subunit of C/D-box snoRNPs (50-52) 
Nop58 Subunit of C/D-box snoRNPs (53, 54) 

FBL 
Nucleolar component, associates with U3, 
U8, U13 snoRNAs and 
2O’methltransferase 

(55-58) 

NCL rDNA transcription, pre-rRNA 
processing, ribosome assembly (59, 60) 

NPM Nucleolar protein, pre-rRNA processing, 
RP assembly (61, 62) 

NIP7 3’ end cleavage of pre-rRNA (63, 64) 

FTSJ3 
 
 

Methyltransferase for 34S pre-rRNA 
processing and 40S subunit assembly (64) 

BOP1 Early rRNA processing (65, 66) 

DDX family RNA helicases, rRNA folding, microRNA 
synthesis (67, 68) 

 

1.3 Thesis goal  

To explore the mechanisms of cardiac hypertrophy, we aimed to focus on 

understanding translational regulation in cardiomyocytes. Currently, there is very 

little is known about cardiac ribosomes, the regulation of cardiac gene translations, 

how is translation and proteome regulated in the development and diseases. These 
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are important areas to explore so to expand our current knowledge of cardiac 

hypertrophy and broaden potential therapeutic targets.  
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CHAPTER II. LONG NONCODING RNA MIAT REGULATES CARDIAC 

HYPERTROPHY UNDER STRESS 

 

 

2.1 Long noncoding RNAs in the heart 

Since the completion of Encyclopedia of DNA Elements (ENCODE) project in 2010, 

numerous studies highlighted the importance of non-coding transcripts in the human 

development and diseases. Classified by the size more than 200 nucleotides and poor 

potential to encode a protein, long non-coding RNAs (lncRNAs) not only show highly 

cell type specificity, but also are in response to many signaling pathways and under 

developmental or pathological conditions.   

In the heart, lncRNA Fendrr and Braveheart have been identified as crucial players 

in embryonic development and cardiac lineage commitment(69, 70). Cardiac specific 

lncRNA Mhrt is downregulated in transverse aortic construction (TAC) induced 

cardiac hypertrophy model and trigger the isoform switch from Myh6 to Myh7 by 

directly binding to chromatin-remodeling protein Brg1(71). LncRNA Chast is 

upregulated in cardiac hypertrophy and induces pro-hypertrophic transcription factor 

NFAT to promote cardiac remodeling(72). Chaer is another example of how lncRNAs 

regulate early hypertrophic events precisely in the heart. By transient interaction 

with EZH2, a polycomb repressive complex 2 (PRC2) subunit, the H3K27 tri-

methylation is reduced at the promotor regions of pro-hypertrophic genes, thus, 

enhanced expression of Anf and Myh7 are turned on soon after stress in the mice. 

Loss of Chaer at early time point of press-overload animal models shows protective 
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effect to the heart, at both gene expression and cardiac function levels. Therefore, 

Chaer-EZH2 defines an epigenetic checkpoint for cardiac hypertrophy(73).  
Table 2-1. List of lncRNA regulators in cardiac development and diseases. (modified from Lisa 
Hobuß et al. Long Non-coding RNAs: At the Heart of Cardiac Dysfunction?(13)) 
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In addition to cardiac development and cardiac hypertrophy, lncRNAs also involves 

in myocardial infarction, cardiac fibrosis and has shown great potential as biomarkers 

and therapeutic targets to advance the diagnosis and treatment of heart diseases(13). 

Table 1 summarized current findings of lncRNAs in cardiovascular diseases.  

 

2.2 Identification of Miat 

lncRNA Miat was first discovered in a GWAS study in Japanese population which 

compared transcripts differentially expressed in healthy and myocardial infarction 

patient groups(74).  Six SNPs within Miat locus were identified highly associated with 

MI incidents and were reported to have diagnostic value(75, 76), as indicated by the 

name myocardial infarction associated transcript. In cardiovascular diseases, Miat 

has shown to be a multi-functional lncRNA in microvascular dysfunction(77, 78), 

epithelial injury(79), cancer progression(80-82), neurovascular remodeling(83), 

cardiac fibrosis(84), cardiac hypertrophy(85), coronary atheroscierotic heart 

disease(86) and cardiac apoptosis(87, 88). Mechanistically, studies in microvascular 

dysfunctions and fibrosis showed that Miat serves as an endogenous sponge RNA to 

either compete or interact with micro RNAs (miR-150, miR-214 etc.) to carry out 

specific functions in the cell. However, the mechanism of how Miat contributes to 

cardiac hypertrophy and heart failure is largely unknown. 
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We identified Miat is significantly associated with heart hypertrophy through hybrid 

mouse diversity panel (89)(HMDP) developed by Dr. Jake Lusis at UCLA. When 

compared the GWAS and phenotypes of over 100 

mice strains received isoproterenol treatment to 

induce cardiac hypertrophy and heart failure, 

we found Miat was one of the top hit of mostly 

associated transcripts(90) with lung weight 

increase (Figure 1).  We confirmed that Miat 

responses to hypertrophic signal across mice 

strains by qPCR (Figure 2). 

 

 

 

 

 

 

 

 

 

2.3 Material and methods  
This part lists important utilized reagents and methods performed to lead to findings 

in chapter 2.  

2.3.1 Animals 

 

Figure 2-1. Miat is significantly 
associated with lung weight in 
isoproterenol treated mice. 
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All experimental procedures involving animals in this study were reviewed and 

approved by the Institutional Animal Care and Use Committees (IACUCs) of 

University of California at Los Angeles (UCLA) and conformed to the Guide for the 

Care and Use of Laboratory Animals, published by the US National Institutes of 

Health. Male or female, 10- to 12-week-old mice in the C57BL/6 background or Miat 

knockout (Miat KO) were used in this study.  

2.3.2 Cell cultures 

Neonatal rat ventricular myocytes (NRVMs) were prepared and maintained in 

Dulbecco's modified Eagle's medium (DMEM) supplemented with 1% insulin–

transferrin–selenium (ITS-G, BD Biosciences, CA, USA), 100 U/mL penicillin and 100 

µg/mL streptomycin for 24 h before transfection, infection or drug treatment. 

Immortalized mouse embryonic fibroblasts (MEFs) from C57/BJ or Miat KO 

background were maintained in DMEM supplemented with 10% FBS, 2 mM L-

glutamine, 100 U/mL penicillin and 100 µg/mL streptomycin. Phenylephrine (PE, 50 

µM) was used to induce hypertrophy in NRVMs.  

2.3.3 Transverse aortic constriction surgery 

Transverse aortic constriction (TAC) surgery was performed as described(91) Wild-

type and MiatKO male and female mice at 2 months of age were randomly separated 

into sham and TAC groups; group information was double-blinded between the 

investigator who performed the surgery and the data analyzer. The mouse was fixed 

in a supine position with the neck slightly extended. A 20-G catheter was inserted 

through the larynx into the trachea with care taken not to puncture the trachea or 

other structures in the pharyngeal region (endotracheal incubation). Ventilation was 



	 18	

performed with a tidal volume of 200 µL, respiratory rate of 120/min, 95% oxygen. 

Body temperature was maintained as close as possible to 37.0 °C throughout the 

experiment using a self-regulating heating pad. After disinfection with 2% iodine, the 

chest cavity was opened by an incision of the left second intercostal space. The aortic 

arch was dissected from the surrounding tissue. The pericardial sac was opened while 

a 6-0 suture was passed underneath the transverse aorta and ligated over a 27-G 

needle, which was removed later to provide a lumen. The chest cavity, muscle and 

skin were closed layer by layer. Sham-operated mice underwent similar surgical 

procedures, including isolation of the aorta and looping of the aorta, but without tying 

of the suture. Mice were observed until recovery in a 37.0 °C heated cage. 

2.3.4 Echocardiography. 

Transthoracic ultrasonography was performed with a Vevo 2100 system (Fujifilm 

VisualSonics, Ontario, Canada). Echocardiography was performed before and 4 d 

after TAC surgery. The inhalational flow of isoflurane was adjusted to anaesthetize 

the mice while maintaining their heart rate at 450–550 beats/min. The peak aortic 

blood velocity across the aortic constriction was measured in the pulsed-wave color 

Doppler mode. Left ventricular function was assessed by M-mode scanning of the left 

ventricular chamber, standardized by two-dimensional, short-axis views of the left 

ventricle at the mid papillary muscle level. Left ventricular chamber size and wall 

thickness were measured for at least three beats from each projection and averaged. 

Left ventricular internal dimensions at diastole and systole (LVID;d and LVID;s, 

respectively) were measured. 

2.3.5 Real-time RT–PCR analysis 
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Total RNA was extracted from heart tissue or cells using the TRIzol reagent (Life 

Technologies, NY, USA). 1 µg RNA was reverse-transcribed into first-strand cDNA 

using the Superscript III first-strand synthesis kit (Life Technologies, NY, USA) with 

random primers. Real-time PCR was performed using the CFX96 Real-Time PCR 

Detection System (Bio-Rad, CA, USA) using the iQ SYBR Green Supermix (Bio-Rad). 

Values were normalized to Gapdh to calculate relative expression levels. For 

fractionation, mouse heart was homogenized in Fraction buffer A containing 10 mM 

Tris-HCl (pH 7.5), 250 mM sucrose, 0.5 mM EDTA and 0.5 mM EGTA. Cell debris 

was cleared by centrifugation at 200g at 4 °C for 3 min. Nuclei were pelleted at 

2,000g at 4 °C for 5 min. RNA from the nuclear and cytosolic fractions were extracted 

with TRIzol and TRIzol LS reagents (Life Technologies, NY, USA) respectively, and 

subjected to reverse-transcription followed by real-time PCR analysis, as described 

above. Data are shown as a percentage of the sum between the value in the nuclei 

and the value in the cytoplasm, and RNA levels were compared to the levels of the 

nuclear marker U6 and the cytosolic markers 18S or Actb. 

2.3.6 RNA deep-sequencing and transcriptome analysis 

RNA deep-sequencing was performed as described previously(91). Total RNA was 

extracted from WT or Miat KO mice hearts using TRIzol reagents, and it was then 

reverse-transcribed using the TruSeq RNA Library Prep Kit (Illumina, CA, USA). 

The libraries were subjected to quality validation using the Agilent Bioanalyzer 2100, 

and then paired-end sequenced using HiSeq 2500 (Illumina). The resulting reads 

were mapped to the rn5 database using TopHat2 and visualized on the UCSC browser 

(http://genome.ucsc.edu). Gene Ontology (GO) analysis was performed with DAVID 
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Bioinformatics Resources 6.7. Genes with an expression change >1.5-fold were 

clustered and shown in a heat map (log2 scale) using NetWalker. 

2.3.7 Immunoblotting analysis 

Cells were washed twice with ice-cold PBS and harvested in protein lysis buffer (50 

mM HEPES (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 

mM glycerophosphate, 2.5 mM sodium pyrophosphate, 1 mM Na3VO4, 20 mM NaF, 

1 mM phenylmethylsulfonyl fluoride, 1 mM DTT and 1× complete protease inhibitor 

tablet (Roche)). Total cell lysates were separated on 4–12% Bis-Tris gels (Life 

Technologies) and transferred onto PVDF membranes (Merck Millipore). The 

membranes were probed with antibodies indicated in the blot. Protein signals were 

detected using horseradish peroxidase (HRP)-conjugated secondary antibodies and 

enhanced chemiluminescence (ECL) western blotting detection regents (Thermo 

Fisher Scientific, MA, USA). 

2.3.8 Statistical analysis 

 Comparisons in multiple groups were analyzed with one-way ANOVA, followed by 

Student's t-test to calculate the P value between two groups. The sample size was 

determined by holding the probability of a type I error at α = 0.05. Correlation analysis 

was done by Pearson's r test. Data are presented as mean ± SEM or SD for triplicates. 

 

2.4 Results and findings 
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Figure 2-3. Miat knockdown protects NRVMs from PE induced cellular hypertrophy. 
(A)Confirmation of knowdown efficiency. (B)Representative images of NRVMs received 
SiNeg, SiMiat transfection and with DMSO or PE(50uM, 24hrs treatment). 
(C)Quantification of panel (B).(D)(E)(F)(G) q-PCR results of hypertrophic marker gene 
expression between groups.(H)Myh6 to Myh7 ratio calculated based on expression level in 
(F) and (G). Statistics: t-test, P values are indicated in each panel.   
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Figure 2-5. Miat KO mouse is resistant to TAC-induced hypertrophy. (A)Heart 
weight/body weight ratio is measured based on tissue weight when sacrificing the 
animals in wild-type and Miat KO mice received TAC or Sham treatment. 
(B)Illustration of TAC surgery. (C) Representative images of cross sections of animal 
hearts. (D) Cardiomyocyte cell size are measured from WGA staining. 
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Figure 2-7. Cardiac functions are protected in Miat KO TACed hearts. (A)GO analysis of most 
differentially expressed genes between WT-TACed and Miat KO TACed hearts.(B)Miat 
expression in four experimental groups.(C)Ejection fraction of animals. Each dot represents an 
animal. (D)(E) Left ventricular posterior wall thickness in diastolic and systolic conditions.  

Figure 2-8. Cardiac functions are protected in minipump mouse model. (A)Illustration of 
minipump animal model. (B)Miat expression in four experimental groups. (C)Heart weight/body 
weight ratio of all four groups. Each dot represents an animal. (D)Left ventricular weight verses 
body weight ratio of all four groups. Each dot represents an animal. (E)Ejection fraction of 
animals. Each dot represents an animal. (F) Left ventricular posterior wall thickness in 
diastolic state.  
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Miat is necessary for hypertrophy in NRVM 

Using NRVMs as an in vitro model, we showed that Miat is necessary for hypertrophy 

induced by PE treatment in NRVMs. When Miat is knockdown by specific siRNA 

(siMiat) (Figure 2-3A), upon PE treatment, cell sizes are smaller compared to cells 

transfected with siNeg control (Figure 2-3B&C). We use RT-PCR to detect 

hypertrophic gene expression after extracting RNAs from whole cell lysate, and NPPA, 

NPPB (Figure 2-3D&E) expression levels are down-regulated in Miat KD cells, we 

also observed switched expression of Myh7 and Myh6 in PE treated siNeg cells but 

not siMiat cells (Figure 2-3 F, G, H). 

These data suggest in the NRVM model, loss of Miat expression by siRNA transfection 

protect NRVMs from hypertrophy mediated by PE treatment. Not only cell sizes are 

smaller, but all the hypertrophic marker genes detected are lower expressed 

compared to NRVMs treated with siNeg and PE for 24 hours.  

Miat KO protects hearts from stress in both TAC and drug induced mouse 

hypertrophy models 

We firstly generate a knockout mouse model to study the function of Miat in vivo 

(Figure 2-4A) and verified the knockout efficiency in left ventricular (Figure 2-4B).  

To study how does Miat contribute to cardiac hypertrophy, we used two ways to 

induce hypertrophy in the mouse, one is pressure-overload model by transverse aortic 

constriction (Figure 2-5, 2-6, 2-7), the other is a drug induced hypertrophy model by 

ISO and PE administration delivered by minimum under skin for one month (Figure 

2-8, 2-9). In both models, we showed that heart weight to body weight ratio increases 

in wild type animals after TAC (Figure 2-5A) or ISO+PE delivery (Figure 2-8A), 
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however, in the Miat KO animals, there is significant decrease of heart weight to body 

weight ratio compared to wildtype animals after TAC or drug delivery. In the TAC 

model, we also measured cells size of cardiomyocytes from WGA staining (Figure 2-5 

D) where wildtype TACed hearts have larger cardiomyocyte size compared to Miat 

KO TACed animals. The heart weight and cell size changes are consistent with left 

ventricular wall thickness we measured by echocardiography (Figure2-7D&E, 2-8F). 

GO analysis of RNA seq data from left ventricular samples of TAC experiment also 

confirms our observation as cardiac hypertrophy, thick ventricular wall and enlarged 

heart are the most affected phenotypes in Miat KO animals (Figure 2-7A). Cardiac 

function indicated by ejection fraction drops in wildtype mice received TAC (Figure 2-

7C) or ISO+PE (Figure 2-8E) treatment while in Miat KO animals, the ejection 

fraction remains above 40% which suggest that loss of Miat is protective to cardiac 

function in both hypertrophy models. We also showed that Miat expression response 

to both types of stress (Figure 2-7B, Figure 2-8B). In Figure 2-6 and 2-9, we detected 

a panel of hypertrophic marker genes which are highly up-regulated in TACed 

wildtype mouse hearts and ISO+PE treated wildtype hearts, however, in the Miat KO 

animals, we observed comparable expression levels of these marker genes at baseline, 

but much lower after the stress compared to wildtype hearts.  

 

2.5 Discussion 

In Chapter 2, we discovered the function of Miat in multiple hypertrophy models. We 

utilized both in vitro and in vivo models to test how does loss of Miat regulates cardiac 

hypertrophy progress and our data firstly shows that Miat expression is upregulated 



	 29	

upon PE, TAC and pump stressors. Then, Miat is necessary for hypertrophy in 

NRVMs and in mouse hearts. As discussed in the introduction, lncRNAs have been 

considered important regulators of cardiovascular diseases including hypertrophy 

and Miat adds another example of how loss of a lncRNA leads to strong protective 

effect of the heart from multiple stress we tested. In summary, we showed that Miat 

is an essential contributor to cardiac hypertrophy.  

We did not test Miat expression or function in physiological hypertrophy models in 

our study which is a limitation. We will explore the mechanisms of Miat regulating 

cardiac hypertrophy in the next chapter.  
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CHAPTER III. RIBOSOME BIOGENESIS AND RNA BINDING PROTEIN 

NUCLEOLIN   

 

3.1 Introduction 

In this Chapter, we firstly review current knowledge of ribosome biogenesis in more 

depth and details, focusing on nucleolus region and rRNA processing and maturation 

in eukaryotic cells.  

Ribosome biogenesis is a massive effort for the cell to increase the translation capacity 

by providing more ribosomes. All three RNA polymerases, a large portion of current 

existing ribosomes, more than 150 non-RPs processing factors, over 70 small nucleolar 

RNAs (snoRNAs), RNA-helicases, exo & endo-ribonucleases devote together to this 

coordinated process(92).  
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3.2 Nucleolus, the birthplace of ribosomes 

Ribosome biogenesis starts at the nucleolar, which is a tri-partite membrane-less 

region in the cell containing a fibrillar center (FC), a dense fibrillar component (DFC) 

and a granular component (GC). From insides out, the FC is where rDNA is 

transcripted, then in the DFC, precursor rRNA (45S or 47S) is processed and modified 

in the GC, it’s transported for further assembly into two subunits for ribosome in the 

nucleus(19, 93). Ribosome biogenesis factors locate in different regions according to 

their function: early processing factors (UBF, NOP56, NOP58, NCL) stay in the DFC 

while NPM1 and other assembly factors of a subunit usually are found in the GC(94, 

95).  

Figure 3-1. Ribosome subunits assembly process. (A)ribosome proteins are 
transported to nucleus from cytoplasm for assembly. (B–H) assembly of 40S 
subunit (I–Q) assembly of 60S. Modified from Kressler et al.(3) 
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Proteome studies advanced our understanding of nucleoli greatly in recent years as 

the technology develops. The number of identified nucleolar proteins has increased to 

over 4,500 from less than 100 10 years ago. Nucleoli proteome is highly conserved 

with about 90% of yeast nucleoli proteins can find a human homologue. 

Bioinformatics study of human nucleolar proteome revealed that around 30% of 

nucleolar proteins are involved in ribosome biogenesis. This is consistent with its 

function that majority of transcription of rDNA and rRNA processing and subunit 

assembly are accomplished in this region. Nucleoli also has been identified involving 

in other cellular activities including mRNA processing, cell cycle control, DNA 

replication and DNA repair response. It is also important for export of some subsets 

of mRNAs and tRNA, telomerase production and assembly of some other 

ribonucleoparticles (RNPs). In the most recent proteome analysis(96-98), more than 

250 novel nucleolar proteins were characterized for the first time and many of the 

functions remain to be explored. There are not a shared motif or structural basis have 

been discovered in these nucleolar proteins so far, suggesting they likely act in various 

mechanisms.  

 

3.3 Nucleoli and cardiac diseases 

In the heart, nucleolar stress is an early response to myocardial damage(99). It is 

considered as a stress sensor. By remodeling its morphological and molecular 

architecture, nucleolar undergoes enlargement or disorganization in response to 

stress. In ischemic and dilated cardiomyopathy human patients, nucleoli show more 

fibrillary and less granular, which is an indication of increased ribosome biogenesis 
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activity(100). When the cell suffers from DNA damage, hypoxia or inhibitors of 

transcription and ribosomal assembly, the nucleoli segregate and fragment and 

dismiss(101, 102). Overall, the enlargement and increase of number of nucleoli 

usually are observed when cells are induced to grow while the shrink of nucleoli 

indicates the cell is under stress and prepares itself to survival or apoptosis. Portoles 

et al reported nucleolar organization and protein expression differ in failing human 

heart but the mechanisms are unknown(100). 

 

3.4 Nucleolin, a critical nucleolar protein for ribosome biogenesis 

Nucleolin(NCL) was previously known as C23, it is one of the nucleolar proteins which 

is an abundant RNA-binding protein. It contains multiple RNA binding 

regions(RRMs), DNA binding regions and has been shown essential for rDNA 

transcription and Pol I activity(60). NCL is one of the earliest processor proteins of 

pre-rRNAs and its proper function is required for cell growth and normal cell size(59, 

103, 104).  

 

 

 

 

 

 Figure 3-2. Human nucleolin structure and known binding sites. NCL contains a 
C-terminal domain, four RRMs (in grey) and a N-terminal domain that has 
multiple functions. (Modified from Daniel Dehany Scott el al (4). 
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Specifically, NCL binds to rDNA promotor and coding region and is necessary for 

rDNA transcription as discovered by ChiP-Seq(60). NCL has similar binding patterns 

to UBTF and the N terminal of NCL interact with Pol I transcription machinery. Four 

RRMs of NCL specifically bind to nascent rRNA and are involved in the early 

processing and cleavage steps of rRNA maturation. NCL also recruites ribosome 

biogenesis factors, especially the U3 snoRNA complex to mediate early rRNA 

processing. The N-terminal domain interacts with histone protein H1 to modulate 

chromatin structure and proper folding or rRNA(59). 

 

3.5 NCL in cardiac diseases 

Several studies focus on investigating NCL function in muscle and cardiomyopathies. 

In C2C12 skeletal myoblasts, down-regulation of NCL resulted in loss of proliferation 

and more apoptosis, suggesting it is primarily associated with cellular growth and 

survival response of the cell(105). A cardiac specific over-expression of NCL mouse 

model show more resistance to ischemia-reperfusion injury with reduced infarction 

size(106). In human patients received heart transplant, there are a nine-fold higher 

levels of NCL antibodies, indicating that NCL inhibition is associated with allograft 

failure in heart transplant because endothelial cell proliferation is decreased while 

apoptosis is increased(107). Although he dominant function of NCL has been 

recognized in contributing to ribosome biogenesis within the nucleolar, NCL is 

reported to translocate to nucleoplasm, cytoplasm and cell surface in some cell 

types(108) and is necessary for virial infection to mammalian cells(109).  
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CHAPTER IV MIAT REGULATES RIBOSOMAL GENE EXPRESSION AND 
PROTEIN SYNTHESIS IN CARDIOMYOCYTES 
 
4.1 Introduction 

Following discoveries in Chapter II, we found Miat is associated with many 

differentially expressed ribosomal genes from RNA-Seq analysis, which led us to 

explore its function in protein synthesis and translation in the heart. In this chapter, 

we show data of how Miat is required for elevated protein synthesis induced by 

multiples stressors, how Miat affects ribosome biogenesis in different models. We also 

detect which could be functional parts of Miat function.  

 

4.2 Methods and materials 

4.2.1 Protein synthesis labeling in vitro and in vivo 

We use puromycin to label newly synthesized polypeptides as described (110). In 

NRVMs, before harvesting, incubate cells with 1ug/ml puromycin for 20min, wash 

out puromycin by changing back to normal culture medium twice, 10min each. In 

mouse, i.p. inject puromycin (solved in sterile saline) to achieve a final 

concentration of 0.4uM/g of body weight. Harvest tissues after 1hour. Puromycin 

level is detected by western blot as previously introduced.  

4.2.2 Northern blotting  

Harvest RNA with TriZOL (Invitrogen) per the manufacturer’s protocol. Make an 

aliquot(s) of 3-4 ug of RNA and re-precipitate with 1/10th the volume of 3 M NaOAc, 

2-3 volumes of 100% ethanol (cold), and 2 uL pellet paint. Incubate for at least 20 min 

at -20C, then spin at 4º C for 25 min at 14000 rpm. Wash pellets 2x with 1 mL 75% 
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ethanol. Spin at 4º C for 5 min at 14000 rpm. Mix and pour 1% agarose gel with 

formaldehyde. Pour gel and lightly cover with saran wrap to minimize formaldehyde 

evaporation. Let sit for ~1 hr. Add running buffer (17 mL of 50X Tri/Tri buffer bring 

to 850 mL with ddH2O) right before samples are added, again to minimize loss of 

formaldehyde from gel. Remove the ethanol wash in its entirety from RNA pellets, 

and then dry the pellets (~10 min). Resuspend RNA pellets in 7.5 uL of formamide in 

a bench-top shaker for ~5 min. When completely resuspended, add 7.5 uL of loading 

buffer (14 volumes of loading dye to 1 volume of 37% formaldehyde). Flick to mix and 

do a quick spin to bring sample to the bottom of the tube. Incubate at 65C for 10 min 

to denature the RNA. Do not spin after this. Load samples (all 15 uL). Run the gel at 

140V for 5 min, and then at 110V for 2-3 hours (until the yellow dye in TriTrack buffer 

is at the bottom of the gel). Once the gel is done running, take it out of the gel box 

carefully and put into a container to rinse 3x with ddH2O.  Incubate the gel in 0.05 M 

NaOH for 15 min, shaking gently, to hydrolyze the large pre-rRNA intermediates, 

which allows for more effective transfer of the large RNAs to the nylon membrane. Be 

careful to not incubate for any longer than 15 min.  Dump the NaOH off the gel, and 

rinse 3 times with ddH2O making sure to also rinse the sides of the 

container.  Incubate the gel with ~200 mL of 10X SSC for 5 min, shaking gently, with 

the nylon membrane (Hybond XL).  Set up apparatus for capillary transfer of RNA to 

membrane. Cross two pieces of saran wrap underneath the apparatus to wrap up the 

transfer set-up afterwards. Soak wick in 10X SSC. Transfer overnight. Crosslink the 

membrane, place it in a staining container and pour some 0.025% (w/v) methylene 

blue staining solution on top of the membrane.  Image the membrane for 18S and 28S 
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bands. Allow to pre hyb for 3 hours at 37ºC. Add 15 to 30 uL of radioactive probe(s) to 

500 uL of the prehyb solution that was kept in a locking tube. Denature by heating at 

95ºC for 3 min.  Remove hyb tube from hyb oven.  Remove cap.  Add the denatured 

probe solution to the tube. Wet the cap again with the left over pre hyb solution.  Put 

the cap on the tube. Allow to hybridize overnight at 42º C. Remove hyb solution by 

dumping into the waste bottle. Wash three time at 42º C for 20 min each wash. Image 

the membrane. 

4.2.3 Ribosome profiling  

Protocol modified from Anthony M. Esposito (111). 

Make 5%-50% sucrose gradients containing 50mM NH4Cl, 50mM Tris-Acetate pH 7.0 

and 12mM MgCl2, DTT 1mM and store at 4°C overnight for linearization. Culture 

3*107 cells for each group. Add cycloheximide to the culture to a final concentration 

of 100 µg/ml and incubate for 30min before harvest. Lysis the cells in lysis buffer (20 

Mm HEPES-KOH, pH 7.4, 15 mM MgCl2, 200 mM KCl, 1% Triton X-100 (v/v), 100 

µg/mL cycloheximide, 2 mM DTT, and 1 mg/mL heparin) on ice. Centrifuge the lysates 

at 8,000 x g for 5 min at 4°C. Desert the pallets and measure OD260 / OD280 ratio.  

Balance lysate volume based on OD value then carefully load to the top of sucrose 

gradients. Centrifuge the gradients at 100,000 x g (23,000 rpm in a SW41 rotor) for 

3.5 hrs at 4°C. Collect fractions (avoid any air bubbles) and read OD260 of each 

fraction.  

4.3.4 Subcellular RNA extraction 

Cytosolic and nucleic RNAs from cells or tissues are isolated using Norgen 

Cytoplasmic and Nuclear RNA Purification Kit (Cat. 21000, 37400). 
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4.3 Results and findings 

In TACed mice heart RNA-Seq analysis, we were surprised to identify that 

translation, including cap-dependent translation, translational initiation, rRNA 

processing were top related biological processes regulated by Miat (Figure 4-1A). For 

all ribosomal protein mRNAs differentially expressed between wild type and Miat KO 

pressure overload mice hearts, wild type hearts show higher RP mRNA expression 

compared to Miat KO hearts despite the surgery (Figure 4-1B). In Miat KO animals, 

RPs are even lower expressed after TAC. In NRVMs (Figure 4-1C), mRNAs of RPS6 

and RPL6 decreases at baseline when Miat is knockdown, and remain at baseline 

level under PE 24 hrs treatment while cells express Miat (siNeg) show higher RPs 

mRNA expression after PE incubation. 

We also noted many ribosomal assembly factors were detected in RNA Seq and these 

genes were lower expressed  in Miat KO animals after TAC compared to wild type 

animals (Figure 4-4A). We examined 45S pre-rRNA, Nxt1 and NOP56 expression by 

qPCR (Figure 4-4 B-D) in NRVMs and indeed in Miat KD cells, these transcripts are 

significantly lower upon PE treatment, which suggests Miat might be involved in 

ribosome biogenesis.  

We then examine whether altered RPs mRNA expression in Figure 4-1 could affect 

protein synthesis in the heart. Figure 4-2 illustrates puromycin labeling we used to 

track nascent protein synthesis in vivo and in vitro. In NRVMs, Miat KD cells have 

less protein synthesis rate compared to siNeg transfected cells, and failed to response 

to PE induced elevated protein synthesis (Figure 4-3A). Consistent with in vitro data, 

in mouse hearts, Miat KO animals do not present increased protein synthesis upon 
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PE injection as wild type mice do (Figure 4-3B). In a starving-refeed model which 

activates mTORC1 activity in induce growth, we observe Miat KO MEFs have lower 

protein synthesis rate at the baseline and respond to refeed signal at a limited level 

compared to wild type MEFs (Figure 4-3C), which suggesting Miat functions as a 

growth signal induced modifier of protein synthesis is not limited to cardiomyocytes.  

To further determine how does Miat involve in protein synthesis, especially whether 

it acts in regulating translation efficiency or translation capacity, we examined the 

sub cellular localization of Miat. In mouse hearts, Miat is dominantly expressed in 

the nucleus (Figure 4-5A) as snoU6 presenting positive control of nucleus RNAs. We 

also show that Miat does not translocate into cytoplasm under TAC induced stress 

(Figure 4-5B) or PE treatment in NRVMs (Figure 4-5C). 

To specifically explore how is ribosome biogenesis is regulated by Miat, we designed 

probes to detect intermediate rRNAs in ribosome biogenesis process (Figure 4-6). In 

Miat KO hearts, at baseline (saline injection), there is lower 32S band compared to 

wild type hearts. 32S decreases in wild type hearts 1hour after PE injection, 

suggesting rRNAs are processed for ribosome biogenesis purpose while in Miat KO 

hearts, 32S shows slightly increase after PE injection which indicates accumulation 

of unprocessed pre-rRNA (Figure 4-7B&C).  

Lastly, we used ribosome profiling to check ribosomal subunits and polysome 

fractions in the cell. In wild type MEF cells, there is a strong enhanced monosome 

(80S) peak after starve-refeed treatment (red) while Miat KO MEFs do not show 

increasing ribosome biogenesis activity(purple). 
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Collectively, our data shows that growth induced ribosome biogenesis at RPs, rRNA, 

assembly factors and subunits level are all attenuated when Miat is knockout or 

knockdown, which is strong indication that stress-induced ribosome biogenesis and 

hypertrophy in the hearts are Miat-dependent. 
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Figure 4-1. Miat regulates ribosomal gene expression in the heart. (A)GO analysis of 
biological processes in Miat TAC RNA-Seq. Translation related pathways are 
highlighted in red.(B)mRNA of RPs expression level across four groups as labeled. 
(C)RPS6 and RPL6 expression detected by qPCR in NRVM cells with SiNeg or SiMiat 
transfection at baseline or after 24hrs of PE incubation.  
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Figure 4-2. Schematic illustration of puromycin labeling assay. (A)Puromycin (dark 
blue) is incorporated in to polypeptide in translation. (B)Puromycin labeling protocol in 
NRVMs. Cells are incubated with puromycin to a final concentration of 1ug/ml for 20min 
before harvest. (C)Puromycin labeling protocol in mouse.  
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Figure 4-3. Miat is required for elevated protein synthesis. In each panel, puromycin labeling 
is on the left, total protein stain is in the middle and quantification is on the right. (A)In 
NRVMs, cells were infected with siNeg control or siMiat knockdown for 48hours, with PE 
treatment for 24hours before puromycin labeling. (B)In mice, animals received i.p. injection 
of puromycin and tail vein injection of PE or Saline before tissue collection. (C) In MEF cell, 
cells were starved with 0.5% FBS for 30 hours before harvest or refeed with 10% FBS for 4 
hours before puromycin labeling.  

A

D 

B

D 

C

D 

 
 



	 44	

 

 

 

 

 

Late rRNA 
processing and 

ribosome assembly 
factors

WT TAC vs. Sham

NCL
Bop1

Nop56
Npm1
Xpo1
Xpo4
Xpo5
Xpo6
Xpo7
Xpot
Nxt1
Nxt2

WT TAC vs. Sham

0.8

1.0

1.2

1.4

WT TAC 
vs. Sham 

MiatKO TAC
vs. Sham 

Early rRNA 
processing factors

Ribosome 
subunits export 

factors

P=0.0791

Figure 4-4. Miat regulates ribosome assembly genes and pre-rRNA. (A)Top differentially 
expressed ribosome assembly factors between wildtype mouse hearts versus Miat KO 
animals. Genes are grouped based on stages of ribosome assembly. (B)qPCR detects pre-45S 
RNA level in NRVMs with siNeg (blue bars) and siMiat transfection (red bars) upon DMSO 
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ITS1 probe
5’ CTCACCTCACTCCAGACACCTCGCTCCACAC 3’

ITS2 probe
5’ CCTCAACCGCCAACCTCGACCAGAGCAGATG 3’ 

Figure	Modified	from	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4361047/

Figure 4-6. Design of Northern blotting probes ITS1 and ITS2. Targeted bands are 
indicated in purple (ITS1) or green (ITS2). 
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Figure 4-8. Ribosome profiling reveals less ribosomes are assembled under growth in 
Miat KO MEFs. Cellular lysates from wildtype and MIAT KO MEFs at baseline (WT-C, 
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4.4 Discussion 

We used multiple models and assays to explore whether and how does Miat contribute 

to growth induced protein synthesis in the heart. To our surprise, given the 

subcellular localization of Miat is dominantly expressed in the nucleus, Miat is likely 

to regulate protein synthesis on translation capacity rather efficiency where mature 

ribosomes are in the cytoplasm. We utilized northern blotting to detect rRNA 

processing, qPCR to detect RP mRNA and ribosome assembly factors, we also showed 

protein synthesis rate and ribosome profiling data which all consistently indicate that 

Miat is necessary for growth-induced ribosome biogenesis in the cardiomyocytes. This 

is the first stress-responsive lncRNA to data that has been recognized to specially 

regulates ribosome biogenesis in cardiac hypertrophy.  
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CHAPTER V. MIAT BINDS TO NUCLEOLIN AND REGULATES PROTEIN 
SYNTHESIS AND NUCLEOLI FORMATION IN CARDIOMYOCYTES 
 
5.1 Introduction 

To further explore which steps of ribosome biogenesis does Miat contribute to, we 

searched for the binding partners of Miat. In this chapter, we show that Miat binds 

to nucleolus protein nucleolin and such binding is necessary for NCL mediated rRNA 

process and ribosome biogenesis. Moreover, we also show that Miat-NCL interaction 

is required for protein synthesis and nucleoli formation in cardiomyocytes. 

 

5.2 Methods and materials 

RNA immunoprecipitation(RIP) 

The RIP assay was done by Magna RIP™ RNA-Binding Protein Immunoprecipitation 

Kit from Sigma (Cat 17-700) per manufacture’s protocol. For each RIP, we prepared 

5x106 cells to lysate and used 5% lysate as input.  

5.3 Results and findings 

>NR_003718.2 Mus musculus myocardial infarction associated transcript (non-protein coding) (Miat), transcript variant 2, long non-coding RNA
CCCTTTGTGAGGCGCGGGAGAGATGTGCACCCCACATCTCTTTGCTTGAGTCCTGGTCCGCAAGATGGGTGCTTGTTCGTGTGCCCCACCCCACCCCCACGCCCGAGGCCGGGTGCGGCAACTCCGCCCGCCAGCCGCTCCTGCATTAAAATTTCATGGGCGCTGCAGTAAACGCGAAGACGACGCCGGTTGCGCTGGGGGGCCGTAGGGAGGGAGGCTGCGGACCAGAGCGGGGAGGAGTTTGCGAGGGGAGG
CGCTTGGGAGGACTCCCCCAGTTCTGTTAAGAGCTGGGCACAAAGAGCCCTTTGCACTCCAGCCGCAGGAGCGAGGAGGAGCCGAGCTAGATGCACATGGGCGTGGGGACTCCGGTACAACACCAACCCACAAGACCTGGGGCGTCCAGCGCAGCCTCAAACCCAGGGCATCTCTGCACTCTCATCGCGACGTCGCTCTGGATGCTGTTTGCATATCCTTGGGGAGTCACTGCTTTGGCACAACAGTCCTGCGA
GGTGCTGGAATTCCGTCTGTTCTCATCACACGGACATGGCTGATCTGTCTCAGTGGTACCTGGGGGCAAAGCAGGGAGCCGGGCGGTGGAGGCCAACATTGTTACCAAGTTGGCTCTGTCTCAACACAGGGACTGAGCCTTCTGAGCCTCAAGAGTTCCTGCTGGTTCCCAGGTGGTGGAAGAGTGGAGAGATTTGGGAAAGGTCACGACTAGCCTGCAAAGCAGCCTTGCAGATAAGTATCATTTCACCAGCC
TGCCTGCTCTCTGCTGGTGCGTGTGAGAAAGGGTCAGCTCTGGAATCCCCAACGGGAGGGAGGATGGCCGTCCTGTGACTCTGGCTCTTGAAGATGTCATTTGTAAGCTTGAACAGGCTCCTGGGTCTTGCAGACACAGGGGGACCTCCTCAGGGTTCCTCCACTCAGGATCCTCCAGGATCCTGGGACAGTAGGCTCTAAGAGCAGCTATGAGATGTCTCACCTTCCTTGGCTCGGGGTTTGGAGGACAGATG
TAGCATGACTGTCAGGAAAGAGCAAACCTGAGTCCTGGTGTGGAATGCAGGCACTCCCTTCTCTCTTCCACCACCCTGGTGACTTGCAGTGGTCCACACAAGCTCTGCACACTTTGGCCACCTGTTTTTTTGTTGTGGGAGTCACAGGAAGGAGGGGACTGAGGTGGGCAGAGGGCTGCTTTCATTTCTCAACCATGCCTTGAATGGCCACTATAGTTCCCTTGTGGGACAGGGCAGGGATCAGAGAGAGGCAC
AGGCTTCCAGCAGCCGGGACAGTTCTAAGCTTAGAGTTCTAGATCCCCCTCTGTCAGCACTGCTCACCCTGTTGTCCCCTATCTGCCCAGTTTACTTTGAGTTTTTCTGGGTCACACAAGAACCCACAATGCTCTAGGTGACAGAGGAGGAGGAGGAGGAGGCAAATGGCTCCTGAGCCAAGGCAGGGCTTGTGCAAGGTCATCTCCTGGGGTGCATCTTGTGTGTGTGTGTGTGTGGGGGGGGGTAGCTCTTC
TGTCTTCCAGAGTCATCCAGTGATGTCTGTGTGGAGGAGGAGCTAGGAGCTAGGCCTTCCATGATGTCGATGATGTAATGATGTCAGGTGGTACTGCTGGGTGTCCAGGGGTGAACGCCAGAGAGATGGCCCACCCTCTGTGATCTTCAAGTACGACAATGCATCACTACAGCTCAGCAAGCGGACAGCTCTGCACATCTCCAGACCCTGATCTGTCTTGGAGCCCTGGAGATCCCTTGGATTCTGACCTCCTG
GAACTGGGGAGCAACCTGTCTCCCTGAAGACCCTATCCTTCCCAGTACCTGAGATGGACCCTCCACCCCCCGAAGAAGAGCCATTCCTGGAAGATGTACTACTTAGGAGTCACCCTGTCTTTCATGGACAGCTCCAGGGGGTTGGGGGGAGGCTGCAGCTTAGAATGGGGGGGGGCACCGGAGGCCTCTTTTCATCCCATGTGGACTGGAATCCTCCAGTCTCTGGAAATGGGGTGGAGCTAGGCCCCCTCCTG
GCCACAGGGTGGTGTCTCAAAGGACCTGTGGGTAGGGCAGGGACTCTATAGGCTCAGAGGAGGAGCTGATGGGGAGGAGTCCAATGTCTGTCTTTGTCTGTTTTTCTTTCTTTCTTTCTTTTTTCCGTTTCCATTCCTTTTCTTTTTTTGTCTGTTTGCTGCTTGAGTGATGAGTCTGTTTGGGTGTTTCCTGGGGTGAGGCTTAGCTCCCTGCTGGTTGTGGGAAGAGGACAGCCAGCCAGTCCTGGTCTGGG
AGGAGCCTGGCTAGCCCCTGTGCTATTCAGCACAGGAAGGAACCTTGGAAAGAGAAAGGGGGCAGTCTAAGATAAGGAGACCTAGTAGGGAGGTTCACAGGCAGAACCATAGCCCCAGCTTCCTCTAGTCACTGGAGAATGGGCTGCACCCAGTCAGTTACAAAGGCTTTGCCCAGGACATGGGAGTGCCCAGCCTGTACCCCAATCCATATTGCATAGCTGCAGAGGGACAGAGGCTGGCACATACTCCCTCC
TCAGGGCCCAGTGCCCAGTATAACCTGTCCGTTCTTCGCCTCTTGTCATAGCCCTGGAGGAGGGTCTACAACCAGCAACGGAGCACTGTATGGCCTTCCTTGGGACAGTCTAGAAACAGGAATCCCTTGACTGGGGTAGGGGTGGGGCAGTTGCTTATTCTGCGTCCTGGCCTGTGGTGCTCAGCCCCAGAGACTCACACCACAGGACTTGAGGCTGGCAAAACAAGACCAAGGTGCCAGCGGTAGCTTATGTC
TTCACGGGGTCTTTCTCTGTGTCCAGAGTGAGTGAGCGAGGCTCCAGGGATTTGTCCATGACAGCCTTGCCATTTCAGGACCCAGGCTTACGAATGACCTCATCTGAGCTCGGTGGTCTTGTCTCTCTGTGCCTTCACAGAGGGCCTAGAGATTCAGCCTGTGCCTCTCGGGGGAGGGGGGGACTCTGACAGGGTGGTCTCACAGACATGAGCAGCTAGTCTCCCCTTCAGAGTTCCTCACATAGGAAGGAACA
GACAAACATAAGATGGGTACAGGGTTGCTGGCATTGTGCCAGTTGTCTTAGGGACATACACGGTGGCTGCAGCCAGTACAGAGCCAGCTCAGGTCTCAGGGTACCCTCTACAAGCCCCCTTGTCTCTACCAGCTTTGATTTCCACATGTCATGTGGACCATATGCTCTCTTGGTGGCCTAGGCAGCTCTCAGGCAGACCTGTGCCTGACTCAGTGCTGGGCACTCAGCAGATGCACCATACAGTTCTGTTCAGT
GGGAGTGTAGGGAGTTTAGGTGAGGGTTCATCTGGGTTGGATACAGTCTGATCCAGAGGCATTTCTGGCTGGGCCACTCAGGTCTGCCTTGCTGACCAGTCTGGAGCAGTGGCCACCTTTGGTTTCTGTTGTAGCTTACCATGTTTTCCAGAAGGAGATGAACCTTGTTTCCTGCTAGACCATGGATCCCACCATGGTTCTTTTATTTGTGTAGCCATCTTGGGAAATACAGGTGCTATGCAACCACACCTCAG
ACATTTACAACTTTGTAGTCATCAGAGAGAAGCTGTGTCCAGGAAGAATTAGACAATAGGCAGTCAAGAGAGGCCAGCTCTGGCACGAGGGAGGAAGTGACTTCCTAGTCAGGCTGACCCCCACTGGGACGTTGGAGGATGAGAAAGGTATGGCTTGACTGAGTGCTTTTGGAAAGAAATTAAAGCAAAATTCAAATAGGTCAAATACAGGGTAGGACTTTTCAGAGCCTCAAAGTGCTAATGGGCACCTCAGA
CACTCAGGCTGGGACGGAAGGATGAGATATTATCTGTCTTTGCTGGCTACAGAATTATTTTCTTACCAAACATATAGAATGCTGGGAGACAGCATTAGGCTTTAGAAGTGCGCTCAGGTGTCCTATTGTCGCCTGGGAGGAAAGAGAAGCTGGAGGGGTGGGGCTTAGGGGAGTCCAAACTTTGCTTTAGGACTCAGGCTAGGTTCCTTGCAGTTCTTTCTTTGTAGAGGAGGCCAGTGGTGGGAGCAGCCAGA
GACCCGGGAGTTGGTGATGGAAGAGATGTTCATTTTCAAGGGCAGCAGCTCTGGGGGGTTGGGGTTGGTAGTGAGATGCTGGTGTGTGTGTGTGTGTGTGTGTGCTGGTGCGCACACGCACAAGCATATGAGGAGATCCTTCTGGGAAGAGGCTGGCCACAACCAGGCAGGGGGTTTGCACTGAGGACAAGCTGGGTACATTTTTAGCAGATCTGAAGTGTCTGTGGAGCTCCAAGACCCACAGCCTAGAAACG
GAAGCTCTGGGCTTCCAGTATGGGGTTCCTACGGTGGGTGTTGATGGGATATAGAGGCAGACCCCCTGCCCAGGTCAGGCCCCATGCCCACGCTGGTGGGGACAGGAGGCCTGTGGTGGGGAGGCAGAGGGCCGGAGGGGGGTTGAAAGGGGAAGGCTGCATGGTGTGATTAACCTACTAACCAACCCAGGGCTCGGCCAGGACGCTGTGGCACGCGACGAGATGCCTGGCCTTCTGTCAACCGACTAATCCAC
TAACCTGGCCCGAGCATGTCCTACTAACCCCGCAGCAGCCAAACCCTACTAACTCTGCAGGCCAGGGGCCTTCCCAGAGGCTGGGACGCGGACAAGGCTCAGGAAGGCCCTGCCTGGGGGCTGGGATCTATGTGCAGACCCATCCTGCGGGACAGGGTATGCTAAGAGACTCACCAACTCTGCCGCTCCCTGCTGGCGGAACGGGACCCTTCTACTTCCCTTGATGCCCGTGGTGAGGTGACCGAGGTGTTGCC
GCATGGCAGGGACTTCAAAATGGAATAAGACACGCTGAGGGCGGGCCTCGGGGGACTCGGTGGTACGCCCATTCTCTGATCTCGGGTGTTCTGCACACAGACCCTTCTACCTGGGGCAGACATGTGCTTTGAGTCCTTTAACGTCTCTTCCCTTTCTCCCCTCTTGCCAGCTTTCTCTCCCATAGGCAGCTCTTTTGATTACTAATTGTCTAACCCCGGGGCACCCCACTCTGCACCCTGCTGCCCCTTAACTA
ACGGCCACCCCGCTGCCTTCTTCTCTCTAGTGGCTCCTGTGTGTGTCTGCTGATGCTGTGCTACTAACCCGGCCCTACTAACTGGTTTCTCTTCTTACTAACCCAGCCCTGCCGAGCTCTGGGCTTCCTGGGGGCTGGTCCCTCCTTTTGGCAAGCAGATGTCCCCAGGCTGTCCAGGCCAGATCTGAGGCAGGGGACAGCCGTATTTAGTGACGCCCAGAGGAGGAGGAGGAGGAGGCTGTCCTGTGGACGTG
GGACGCTGGGCTCCGAGCATGACCTCTCTCCTCTGTGCACAAGTCTGGTTGCCACCAGGAGTGGATGGGACCAGGGGACCTCGTGGGAACCATTGTGGTGCCCGTGGCTCTAGAATTGGCAATTCTGGGCCCTACCTAGCTGGGGCCCTCTGTGATTTAGGGCAGGGAGAGAGGGGTAGGAACATCAGGGGCTGGCCATCTTGTACAGGAGCTCAAAGTGTGTGTCTGAACCCAAAGCCCTACCTGGGAGCTAT
AAACATGTTTCCTAAGCAGGAAACATGTGAGGGGCCATTTCCCTGAAACACCACAGCGCAGAGAAGCCCGAGGAGAGAGGGCATCAGGAAGTTTGTAAGAGGGCCTTTCTCTCAGCCTGAGAAGAGATGGCCGATGACCAGTAAGAAGGTTCTCCAAATAGGCGGTCAACTAGCCAGGCCTTTCCCACTGAGAGAGGCGGAAATCTCAAACTGGAAGTCTATTTGGGATCATTTTTCACACAGGAAGTAGGTGT
GAGGATATTTTTTTCCCTCAGGAAGTGTTTAGAAACACTCTCTCCACACTTAGAGAGGACAGGCTGCCAGTTGTCCTGATGCACAGTCGGGAAGCGTCTCTACGGGCCCTTAGGGCTTATGGGAGGGGCAAATGGGTGCCAGGAAGTGAATCTTAGAAGCCCACAGGCGGATGGGAAGTCACCCCAGCTCCTTGTTCGGTTTATATCCATGCCCCTGCCCCAGCCAGCCTCCCCCAGAGCCCGCCAGCTGCTAA
GCCAGGGCCACACCTGGGGGTGATTTCATGCCTCACCTCCAGTAGGCTCATGGCCTCTCTGGGCTAACCTCTGGCTCTTTTGCACTAACTCTAGCTCTCCCCCAGCTAATCCCTGCCTTTCCCTGGCTGCCCCAGGGGCTGACCACTAGCAGCCAGCCCCGCCCACCCGCGGGGCTCCAGGCTCCTTTAAACCAACCACCCTTTCCTCTGGACTAATGTTTGCCTTTCTGGTCTGTTCCTTCCGGCAGAAATGA
ATGGCTGTGGATTTCTCTCTGACTAACAGGTCTCATACTCCTCTCCCTGTTACCACTAACGGCTTGGATGATGGCGGCGTGGCTGGCGAGGGATGGGCGGAGGTGCTGAGCTTGGTTGCTATGGGGAGGATGTAGCTAGTGAGAGTAGACACGTGACCGGTCTGGGTCAGAACTTCCAAATGTCAATCAAAGTGCTAACCGGGCTGGGGTGTGGCTCAGCCCAGAAGAAAGGATACTGTCTACTGAGCATTTTG
GTGGGACCAGACTTACAGCTAACCTTCCATGGGTGTGGCCACTGGCTCCATCCAATATAGCCTTACAATCTACATTGGCCGTTAGCTCCTGTAAACTACAGCGTCAGTTCTTGCAAGCAGTTCTTAGCTCATATAGGAGCCTAAGACACCTGTCTGGTGGGCCCAATTTGTTACCTATGGACTCATTGAGCACAAGGTCATGGCCTCCCTTGAGTCTTTGTTTAGGAGACTTACGGAGTTTTGGCCCTATGACA
ACGTCAAACTCCAGATAGAAATACATTCTCCATCGCTTACACCCTAGAGTAAAATAGTTCGACCTTTACCTTCAAGTCTTCTAAGGCAGATCTTTTACACAGGGTAGGTGTGCAGAGGGCAGGGAGTGTGGCTGGCAGGGAGTTAGGAACCCTTAAGGCAAGGGGAAGTCCTCTGGAAGCAGCGGCAGAAAGCCATGAGGCCATAGGACCCTTGTGGAGCTGAGGGTGACACCAGATTGAAGTGGGCAAGAGAA
GAGAGCATGTTTCACAGAGTGATCTGGAAGCCAGAGCTTAGAAGGCTGGAGGTTCAAGGACAGGCTGCCTGATCTGTTGGTGCTGTGAGAACTGCTTACCCACGGGCTTAGGACTGACTGTAGAGATGCCAGAGAGTCTACGGAGGGACCTGAGCCACGGAGGAAATGGAGAGACCCCGTAGGAACGTGGGTTTACCTCCAGGTACGGCTTGTACGTACTCGCTGCTGCCCTCTCATGGCCAATCTTCCACATT
TCACCAACAATGCCCTGAGAAAGGCTGCACAGGGGACTTTGCTCCGGAAACTGAGCAGAAGCCTGATCACAAAAGGCCTGACAGCGTCCCAGTTTGGGACAGTAGCTGGTCCCTGGTGGCTGTAATTATGTGTGGTGGGCCCTGGATACTGAAGGGGGCAGGGATCAGGAGAGCTAAGACGAGGTAGGCAGGGAGGGCTCGCTGAAGGGGGATCATGCCAGCTAAACCTTGACAGGCAGGGAGGGCATGGCTGG
AACAAGTCACGCTCGATTTAGGGTTAGAGAGCAACCAAACAAGAGTCTGGAAGATTCATGGGGAGGTGTATAAAGTGAGAAGCTCAATATGTGACAAGCCCCAGGCCTCATTGGCTGTAAAAGACAGACTTCATTCCTTGGGATACCAGATATAGTCTGTAATTGTAACCCCAGCAGTTGCACAATAGAGACAGATCTCTGGGGTCTGCCTGCCTGCCAGTCAGCCAGTCTAGCTAGCATCATATGATCTGAGA
GAGAAGGTGGCAGGCAGGGCCAGAGTTCTCAGGCTGCCTTGGTCGAGTCAGCCCAGGTGGGGCAGGGAGGAGCTTGCCTTGTGCGCTGGCCACATTATAGAAACCACCAGAACTTCTGGTAGCTGGGAAGACACTTCGGTCCATCTGGAGAGGAGCGGGGGTTCATAGTGTGCCACCCTTCACTGGGGATCGTGAGAAATCCCCGGAAAGTAAGGGACTGAGGGGACAACGAGGAACTTGAAACTTAACACAGG
CCCCGGTGGTGTGCACCTCCTCCAGAAGATCTGGAGATAGGTGGTGTTGGCAGTGATGGTGGTGATGGTGTGTGTGTGTGTGTGTGTGTGTGCATGAGAGAGTGAGAGAGACGGTAGAGAAAAGAGAGGCTATAACTCGAGAAAACGGAGTCCCTGAGGCTCGTTCTAATCGCCTGCATCTGGGCTGCCCCTGCCCCCTAATTCCATTCAACTTTAGGCTTGTTTGAGCAGGACACTGTGCGAGCGGGACTGGC
CTCTTGTCTGAAGAGCTCATAGCCTGCTTGGAGGGAGGAGCCTCGGTGGCTCCTCCCCGAGGGTGGGGCTGGAGACAGCGAGGAAAGCCTGGTCCTGTCCACTCTGGAATCTGTCTAGGGAACCCATTGTTTTATAACCATCTCAGCAAAGTTGTCTGTTCCATGTTGTTCCTGCTGGGAGAGACTGAGCGTGGGGCCCTAGAAACCTGATGTAGATTAAAAGATGTAGATACTTCCATGGGTCCAGCCACAAT
TACGGGCTCTTTTGGTTTTCATGCTTGTAGCTGCCTCTGTGTAAGATGCCATTTCAATATTAAAACCGACACACACTGGA

Figure 5-1. Miat contains multiple NCL binding sites. We used RBPPred 
(http://rnabinding.com/RBPPred.html) to predict and PRISeq 
(http://pridb.gdcb.iastate.edu/RPISeq/) to verify the 
interactions of Miat and NCL based on their sequences. NCL binding sites are 
highlighted in dark blue and brown in mouse Miat sequence. 
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Figure 5-2. Miat binds to NCL and is required for NCL-pre-rRNA binding. In MEF cells, 
we detect Miat-NCL binding using NCL specific antibody with IgG as control. (A)Miat has 
a 5-fold affinity to NCL compared to IgG and such enrichment was not observed in Miat 
KO MEFs (in read). (B)A’0 processing site of 47S pre-rRNA showed over 250-fold 
enrichment to bind to NCL compared to IgG but the level drops to less than 40 when Miat 
is knockout. (C)5.8S rRNA did not show affinity to NCL in both wildtype MEF and Miat 
KO MEFs. (D) 47S pre-rRNA binds to NCL with an 80-fold enrichment but not in Miat.  
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Figure 5-3 Miat-NCL interaction mediates protein synthesis in cardiomyocytes 
synergistically. (A)Total protein as input in NCL and Miat knockdown groups of 
NRVMs.    (B)puromycin labeling of protein synthesis across KD groups with/without 
PE stimuli. (C)quantification of panel (B) using (A) as input balance of each lane. 
(D)western blotting showing knockdown efficiency of NCL. (E)total protein input for 
NCL overexpression in NRVMs. (F)puromycin labeling of protein synthesis in NCL 
OE groups. (G)quantification of panel (F) with (E) as balance. (H)western blotting to 
verify overexpression of NCL and GFP. 
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Figure 5-4 PE induces nucleoli formation in NRVMs. NRVMs transfected with siNeg for 48hours 
with no (baseline), 2hrs, 8hrs PE treatment and 8hrs PE treatment plus 2hours of ActD are stained 
with DAPI(blue), NCL(red), FBL(green).  
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Figure 5-5. PE induces nucleoli formation in NRVMs is Miat dependent. NRVMs transfected with 
siMiat for 48hours with no (baseline), 2hrs, 8hrs PE treatment and 8hrs PE treatment plus 2hours 
of ActD are stained with DAPI(blue), NCL(red), FBL(green).  
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We first use bioinformatics tools RBPPred and PRISeq to predict which proteins 

might bind to Miat with following screening criteria: (1) Miat contains protein binding 

motif in its sequence; (2)the protein expresses in heart; (3)protein predominantly 

expresses in the nucleus; (4) functional relevance to Miat. NCL was the most 

promising candidate protein (Figure 5-1). We verified their binding using RIP assay 

Figure 5-6. Miat is required to maintain cell cycle and cell size in MEF. (A) Cell numbers 
of wildtype MEF(black) and Miat KO MEF(red) are measured over time from plating (0) 
to 48 hours. (B) Cell sizes of wildtype MEF and Miat KO MEF under 10%FBS culture 
condition.  
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(Figure 5-2). Miat shows a 5-fold enrichment binding to NCL compare to IgG and the 

binding is lost in Miat KO cells (Figure 5-2A). 47S is known to bind to NCL and was 

used as positive control in the assay and indeed it has a ~80-fold binding affinity 

compared to IgG (Figure 5-2D), its A’0 processing site shows a even higher affinity to 

NCL with a ~250-fold increase compare to IgG (Figure 5-2B). To our surprise, in Miat 

KO cells, NCL does not bind to 47S or A’0 site suggesting the interaction between 

NCL and pre-rRNA is Miat dependent. Mature 5.8S is used as a negative control 

which does not bind to NCL and is not mediated by Miat (Figure 5-2C). 

We then examined whether Miat-NCL interaction regulates protein synthesis in the 

cardiomyocytes. In NRVMs, we did gain-of-function and loss-of-function assays to 

manipulate Miat and NCL expression, and used puromycin labeled nascent protein 

synthesis as readout. We show that when Miat is knockdown, protein synthesis drops 

by ~30% in NRVMs, and when NCL is knockdown, protein synthesis rate drops even 

more by ~50%. When both Miat and NCL is knockdown, protein synthesis is down-

regulated by ~50%, which is similar to NCL knockdown groups. In all Miat and NCL 

knockdown conditions, we observed that cardiomyocytes do not respond well to PE 

stimulation well whereas the control cells received siNeg shows a ~30% induced 

protein synthesis (Figure 5-3A-D). However, when NCL is over expressed in the 

cardiomyocytes, protein synthesis is up-regulated by ~20% despite the over 

expression level is mild (Figure 5-3H). More importantly, such enhanced protein 

synthesis mediated by NCL over expression is Miat dependent as in Miat KD 

cardiomyocytes, protein synthesis is back to baseline level and response less to PE 

stimulation (Figure 5-3 F, G, H).  
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Nucleolus is the birthplace of ribosomes and where NCL dominantly expressed as we 

discussed in Chapter I and III, so we checked how is nucleus is regulated by Miat. In 

NRVMs, we stained cells with NCL and FBL under siNeg or siMiat conditions. We 

used PE to treat the cells to induce ribosome biogenesis and Actmyocin D as an 

inhibitor of ribosome biogenesis. In Figure 5-4, we show that upon PE stimulation, 

more nucleoli are formed in cardiomyocytes. With ActD inhibition, both NCL and FBL 

are diffused into nucleus and the nucleoli are disassembled. However, when Miat is 

knockdown, we see NCL does not co-localize well with FBL to form functional nucleoli, 

but rather scattered in the nucleus. With ActD inhibition, most of NCL expression is 

scattered without co-localize with FBL in the nucleoli (Figure 5-5). This suggests that 

Miat is required for new nucleoli formation in the cardiomyocytes under hypertrophic 

stimulation.  

In cell types that proliferate, the nucleolus undergoes assembly and dismiss during 

cell cycle. In the MEFs, we observed Miat KO MEFs are less proliferative compared 

to wild type cells (Figure 5-6A) with an enlarged cell size (Figure 5-6B) which suggests 

Miat mediated nucleoli formation may not be limited to cardiomyocytes, but to 

proliferative cells as well.  

5.4 Discussion 

In this chapter, we established the binding between Miat and NCL and showed that 

such binding is essential for 1) NCL mediated pre-rRNA processing and 2) enhanced 

protein synthesis driven by NCL overexpression. Double knockdown of Miat and NCL 

shows similar down-regulation of protein synthesis rate in cardiomyocytes while in 

Miat KD cells the NCL induced protein synthesis was gone suggesting they two work 
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synergistically. We also explored nucleoli formation in cardiomyocytes under 

hypertrophic stimuli and how is that regulated by Miat and NCL interaction. 

Strikingly, unlike cancer cells which typically enlarge nucleoli size to allow more 

ribosome biogenesis, cardiomyocytes form more nucleoli to adapt to growing need of 

ribosome assembly. We showed that under PE treatment, as early as 2hours post 

stimulation, more nucleoli are formed in the cells and this phenomenon is Miat 

dependent. We also show when Miat is knockdown, NCL fails to co-localize with FBL 

to form functional nucleoli. These findings for the first time revealed how nucleoli 

contributes to hypertrophy of cardiomyocytes and how important a lncRNA is in early 

response to the process.  
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CHAPTER VI. SUMMARY  
 
6.1 Working model 
 

 
In this thesis, we identified a lncRNA Miat responses to hypertrophic stimulation in 

the heart and is necessary for cardiac hypertrophy in vitro and in vivo. In Miat KO 

animals, the hearts are more resistant to TAC or drug induced hypertrophy with 

normal baseline functions. Mechanistically, we show that Miat regulates ribosomal 

gene expression and assembly factors in the cardiomyocytes to affect stress induced 

protein synthesis. Moreover, Miat binds to NCL and is required for NCL mediated 

pre-rRNA assembly, nucleoli formation and ribosome biogenesis in the heart. These 

findings give a specific example of how gene expression is regulated at translational 

capacity level in cardiac hypotrophy. 

 
6.2 Future perspectives 
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Miat-NCL interaction is essential for ribosome biogenesis under hypertrophic stimuli 

in the cardiomyocytes, our findings trigger more questions to ask about the 

translational regulation in the hypertrophic heart. Here are several directions to 

consider: first, does the same mechanism apply to physiological hypertrophy? Second, 

is it possible to tune the protein synthesis rate by manipulate Miat-NCL binding? Or 

further, could blocking of Miat-NCL interaction be a target of treating pathological 

cardiac hypertrophy? We also do not know yet which specific rRNA processing steps 

or ribosome assembly steps are regulated Miat. Addressing these questions will 

greatly enhance our current understanding of ribosome biogenesis and cardiac-

specific translational regulation. 
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