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Unique	
  Features	
  of	
  Heart	
  

•  Involuntary, rhythmic, 
cyclic contractions 

•  Terminally differentiated, 
postnatal myocytes 
increase in size not 
numbers for growth 

•  Number of non myocytes 
(e.g. fibroblasts) is more 
(60-70%) compared to 
number of myocytes 
(~30%). 



Postnatal Growth 
 “Physiological” 

Physiological      
Hypertrophy 

Pathological 
Hypertrophy 

Dilatation and Failure 

Neonate Heart 

Adult Heart 

- Exercise 
- Pregnancy 

-  Hypertension 
-  Aortic Stenosis 
-  Sarcomeric Gene mutation 

- Myocardial  
  Infarction 
-  Dilated 
 Cardiomyopathy 



Compensatory Decompensation 

•  Increase in cardiomyocyte size 
and mass, resulting in 
enlarged heart 

•  Increase in generalized gene 
expression, superimposed with 
significant increase in 
specialized genes, fetal gene 
program  

•  Increased wall thickness 
•  Switch to glucose metabolism 

for energy 

•  Chamber dilatation 

•  Decreased Ventricular Wall 
Thickness and Increased 
wall tension 

•  Altered Ca+2 handling 

•  Increased myocardial 
apoptosis 

Overload	
  

Compromised 
Cardiac function and 
Output 

Maintained Cardiac 
Function and  Output 



Modulators	
  of	
  Cardiac	
  Hypertrophy	
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     Gene Regulation 

Transcriptional 

Posttranscriptional 
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Transcription 
Defini:on-­‐	
  “	
  Making	
  a	
  RNA	
  copy	
  from	
  a	
  sequence	
  of	
  DNA	
  (a	
  gene)	
  ”  	
  

•  Transcription requires the action of RNA polymerase, that reads the 
template DNA sequence and generates complementary, anti-parallel 
transcript of Ribose Nucleic Acid 

•  The transcript is generated in 5’ – 3’ direction, therefore the DNA 
sequence is read in 3’ – 5’ direction by RNA polymerase.  

•  The transcript sequence is similar to the sequence of coding strand 
except Thymine (T) is replaced by Uracil (U). 

•  For successful transcription, the machinery requires the sequential 
assembly of various components at specific time and sites.  
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RNA polymerase II 
•  RNA polymerase II forms the center of the transcription 

machinery, and catalyzes the formation of mRNA precursors 
from DNA. 

•  Contains 12 subunits (RPB1-12), where RPB1 is the largest 
subunit containing the Carboxy Terminal Domain (CTD) that is 
required for the polymerase activity.  

•  CTD contains 52 repeats of heptapeptide (YSPTSPS), the 
phosphorylation status of which determines the activity state 
of the enzyme with respect to transcription. 

•  RNA pol II recruited to the gene promoters during the 
formation of preinitiation complex is hypo-phosphorylated at 
the CTD. Phosphorylation of serine 5 by CDK7 (component of 
TFIIH) initiates transcription and promoter clearance. 

•  Productive elongation of transcription by RNA pol II requires 
hyper-phosphorylation of serine 2, mediated by kinase Cdk9 



Promoter 
 Definition: A DNA segment with specific sequence 
that is recognized by transcription factors and 
dictates the site of RNA polymerase binding for 
gene expression. 

	
   -­‐	
  Promoter region defines which gene will be 
transcribed by which RNA polymerase 

Brown	
  TA.	
  Genomes.	
  2nd	
  edi:on.	
  Oxford:	
  
Wiley-­‐Liss;	
  2002.	
  



•  RNA pol I (transcribes 28S, 5.8S and 18S ribosomal RNA 
(rRNA) genes) promoters are regions at the transcription 
start sites (– 45 to + 20) along with an upstream control 
element (- 100)  

•  RNA pol II (transcribes all protein coding genes (mRNA), 
small nuclear RNA genes) promoters can be found at 
variable distances upstream of the transcription start site. 
Along with core promoter regions (-25 or TATA box and 
Initiator sequence) genes can have several upstream 
promoter elements that can act as binding sites for 
enhancers or repressors of gene expression 

•  RNA pol III (transcribes transfer RNAs, 5S rRNA, U6-
snRNA, small nucleolar RNAs, small cytoplasmic RNA) 
promoters usually located within the genes, with some 
exceptions.  



DNA binding proteins during eukaryotic 
transcription 

	
  General Transcription factors	
  

•  TFIID: general transcription factor IID composed of 
TATA-Binding Protein (TBP) and Transcription 
Associated Factors (TAF). TBP binds to the TATA 
promoters sequences along with the TAFs to initiate 
the formation of Pre-initiation complex.  

•  TFIIA: general transcription factor IIA binds and 
stabilizes pre-initiation complex. 

•  TFIIB: general transcription factor IIB required for 
the recruitment of RNA polymerase II to the 
transcription start site and the pre-initiation complex. 
Interacts with TBP and RNA pol II. 



General Transcription factors, contd. 

•  TFIIF: general transcription factor IIF associates with 
RNA pol II and assists in recruitment, initiation and 
promotes elongation 

•  TFIIE: general transcription factor IIE required for 
the recruitment of TFIIH to the complex and initiates 
promoter clearance 

•  TFIIH: general transcription factor IIH contains 10 
subunits that are involved in formation of open 
complex (helicase activity), DNA excision repair, 
promoter clearance transcription elongation 
(phosphorylation of CTD) 
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DNA binding proteins during eukaryotic 
transcription	
  

Specific	
  Transcrip:on	
  Factors	
  
•  Proteins that bind to specific DNA sequence elements 

and function as transcription regulators of specific genes, 
under certain conditions of development or stress for e.g.  

–  Serum Response factor (SRF): binds to the serum 
response element and required for the transcription of 
gene involved in cardiac differentiation and 
maturation. 

–  Myocyte enhancer factor 2A- transcription activator 
that binds to MEF2 element found in most of the 
muscle specific genes 

     
	
   	
   	
   	
   	
   	
   



Methods to measure active transcription 

•  3H Uridine Incorporation 
•  Nuclear Run Off assay  
•  High-throughput sequencing 

                   mRNA abundance 
•  Microarray 
•  Quantitative PCR 



3H Uridine incorporation 

•  Radiolabelled (3H) uridine is supplemented 
to cells (in vitro) and the incorporation 
measured, as an indicator of transcription. 

•  Measures mRNA transcription with no 
specificity to particular gene. 

•  The data is presented as Counts Per Minute 
(CPM) and normalized to DNA. (CPM/µg 
DNA) 



Nuclear Run-Off Assay 
•  Technique is used to measure transcription of genes at 

given time, under given condition 

•  Isolated nuclei are supplemented with NTPs and 
radiolabelled (32P) GTP and the nascent transcripts are 
elongated in vitro. 

•  The radiolabelled mRNAs are extracted and hybridized 
to gene/s of interest immobilized on membrane (dot blot). 

•  No new transcription initiation occurs, so only transcripts 
with RNA pol II attached and undergoing transcription in 
vivo are elongated in vitro. 



High-throughput  Sequencing 
•  aka ‘next generation sequencing’ or ‘deep sequencing’. 

•  ‘Depth’ in deep sequencing is the number of times a 
single base is read during the whole process. 

•  Massive parallel sequencing results are read by the 
computer and output is in the form of short (~35 -50 
nucleotide) reads that can be aligned onto the reference 
genome. 

•  Platforms for deep sequencing are: 
–  454 (Roche) 
–  SOLiD (Applied Biosciences) 
–  Genome Analyzer (Illumina) 
–  Helicos HeliScope 



Applica)ons	
  
•  Whole Genome sequencing (WGS) 

•  Transcriptome sequencing (RNA-Seq) 

Uses 
•  Cellular genomics 

–  sequencing of novel genome or re-sequencing of genome 
–  gene expression profiles, alternate splicing 
–  transcription patterns, epigenetics, etc. 

•  Metagenomics 
–  sequencing and identifying organisms from mixed samples. 

•  Genomic Medicine 
–  point mutations and gene variants associated with certain diseases, 

e.g. cancers 
–  diagnostic tool for certain cancers, e.g. DNA methylation profiling in 

lung cancer 



High-throughput Sequencing  
GRO-Seq – 
•  Transcripts elongated by nuclear run on assays are 

sequenced using deep sequencing. 

•  Elongating transcripts are labeled using BrdUTP in 
presence of Sarkosly (prevents RNA pol II binding to 
DNA) and immunoprecipited with anti-BrdU antibody, 
isolated converted to cDNA, deep sequenced and 
aligned to reference genome.  

•  Since there is no new recruitment of RNA pol II, only 
genes with bound RNA pol II are transcribed. 

ChIP-Seq (chromatin immunoprecipitation) 



•  In 1984, John Lis and 
David Gilmour for the first 
time immunoprecipitated 
bacterial DNA using RNA 
polymerase. 

•  1985, same group reported 
the distribution of RNA pol 
II on heat shock genes in 
drosophila. 

•  Identified and showed 
RNA pol II pausing at the 
promoters in these genes. John Lis 



Chroma)n	
  
 Definition: “Mass of genetic material composed of DNA and proteins 
that condense to form chromosome during eukaryotic cell division”.   

http://www.integratedhealthcare.eu/1/en/histones_and_chromatin/
1497/ 

Nucleosome:  

-  basic unit of chromatin, which includes 
146bp of DNA wrapped around an 
octamer of core Histones protein (two 
H2B, two H2A, H4 and H3). 

-  Two nucleosomes are connected by 
free DNA strand called “linker DNA”. 



Immunoprecipita:on	
  
Definition: “Technique of precipitating a protein antigen out 
of solution using an antibody that specifically binds to that 
protein”.  
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1.  Immobilize and fix the proteins onto the DNA. 

2.  Cell Lysis and Chromatin shredding  

3.  Incubation with antibody against protein of 
interest. 

4.  Immunoprecipitation 

5.  Isolation of the complex of interest. 

6.  Reverse cross-linking and Isolate DNA. 

7.  Sequencing, qPCR or Array 



ChIP	
  
 What antigen (protein of interest) can be used for 

Immunoprecipitation? 

•  Any protein that binds to DNA directly or indirectly, like 
Histones, RNA polymerase II, transcription factors, 
enhancers, associated proteins or any protein that forms 
complex or binds with DNA binding proteins. 

Uses- 

-  Study protein-DNA interactions, protein binding sites 

-  Transcription factors and promoter interactions 

-  RNA pol II binding.  

-  Associated histone modifications with active vs. inactive 
gene transcription or repression. 
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 Transverse Aortic Co-Arctation (TAC) 
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Results	
  
 Output from the Genome analyzer 

 1. Sequence Analysis: The results in the form of 36-nt reads 
(tags) are mapped onto the reference genome using ELAND 
(Efficient Local Alignment of Nucleotide Data) algorithm. Only 
unique tags with no more than two mismatches are mapped 
onto the genome. 

 2. Fragment density: The 3’- ends of the tags are extended in 
silico to length of 110-200 bp (fragments). To calculate the 
density of fragments along the genome, the genome is divided 
into 32-nt bins (discrete locations). The number of fragments in 
each bin gives the fragment density of that bin. This data is 
stored in a binary analysis report (BAR) file and can be viewed 
in Affymetrix’ Integrated Genome Browser (IGB) 



Results	
  contd.	
  

3. Interval Analysis (“Peak Finding”): Region on the 
genome with start and end coordinates, that contains 
atleast three consecutive bins with fragment density 
more than the threshold (usually set at 10-20). 
Intervals are calculated and complied into BED files. 

These results containing the fragment densities, 
number of bins, intervals, along with the gene 
coordinates is tabulated into Excel sheets, with 
overall statistics and comparisons between the 
samples. 



Average Values Interval details 

EXCEL SHEET for GENES 



COMBINED TABLES FOR ADULT/NEONATE/TAC with AVERAGE VALUES FOR  
  PROMOTER, IN-GENE and DOWNSTREAM REGIONS 



Pol II binding sites on Myh6 (Alpha Myosin Heavy Chain) gene  
             as visualized on Integrated genome Browser 



Two	
  modes	
  of	
  gene	
  transcrip:on	
  during	
  growth	
  



Transcrip:on	
  during	
  cardiac	
  hypertrophy	
  

TATAAA 
TAF 

TBP 

RNA  
Pol II 

TATAAA 
TAF 

TBP 

RNA  
Pol II 

TATAAA 
TBP 

P 
Kinase 

nNTP 

Pi 

Recruitment 

Elongation 

RNA  
Pol II 

TATAAA 

TF 

EF 

Termination 

RNA  
Pol II 

TATAAA 
TAF 

TBP 

TATAAA 
TBP 

P 
Kinase 

nNTP 

Pi 

RNA  
Pol II 

RNA  
Pol II 

RNA  
Pol II 

RNA  
Pol II 

TATAAA 
TBP 

Termination 

RNA  
Pol II 

RNA  
Pol II 

TF 

Promoter Paused 
     RNA pol II 

Promoter  
Clearance 

Central Dogma Recently identified 

De Novo RNA Pol II Recruitment Promoter Clearance of paused RNA pol II 



De Novo recruitment of RNA pol II during hypertrophy 



Gene	
  Ontology	
  



Genes that require De Novo Pol II recruitment during Hypertrophy 



Genes that show promoter pol II pausing 
in adult hearts  



Genes induced by de novo pol II recruitment 
during cardiac growth  
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General factors that mediate the two modes 
of gene transcription 
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TFIIB dynamics 
during cardiac 

growth 

•  To understand the 
TFIIB distribution 
and dynamics 
during cardiac 
hypertrophy, we 
performed ChIP-
Seq using TFIIB 
antibody 



Alignment of TFIIB and Pol II on  
paused genes  



Alignment of TFIIB and Pol II on  
Specialized genes 



Will inhibiting TFIIB effect only 
cardiomyopathy-related genes?   



In vivo Inhibition of TFIIB 



Transcrip:on	
  during	
  cardiac	
  hypertrophy	
  

•  Release of promoter paused RNA pol II and de 
novo RNA pol II are the two modes of gene 
transcription during cardiac hypertrophy. 

•  These two modes regulate distinct set of genes. 
Promoter clearance controls incremental increase 
in essential/housekeeping genes, de novo pol II 
recruitment regulates induction of specialized 
genes  

•  Manipulation of TFIIB levels can serve as a 
potential adjuvant therapeutic target for selectively 
regulating cardiomyopathy-related genes during 
pathological cardiac hypertrophy. 



Epigenetics 

http://www.pbs.org/wgbh/nova/body/epigenetics.html 



What	
  is	
  epigene)cs?	
  
•  Study	
  of	
  heritable,	
  self	
  perpetua)ng,	
  
reversible	
  changes	
  in	
  gene	
  ac)vity,	
  not	
  caused	
  
by	
  changes	
  in	
  DNA	
  sequence.	
  

•  Epi	
  –	
  ‘Over	
  or	
  on	
  top	
  of’	
  –	
  gene)cs	
  





Feinberg A, Nature/Vol 447/2007  



Feinberg A, Nature/Vol 447/2007  



Feinberg A, Nature/Vol 447/2007  



Histone Modifications 

Nucleosome 

Acetylation 
Methylation 
Phosphorylation 

N- PEPAKSAPAPKKGSKKAVTKAQKKDGKKRK H2B 
5                    12      15              20       23 

N- SGRGKGGKGLGKGGAKRHRKVLRDNIQGIT 
1     3      5         8           12           16           20 

H4 

N- SGRGKQGGKARAKAKTRSSRAGLQFPVGR H2A 
1             5             9           13   15 

N- ARTKQTARKSTGGKAPRKQLATKAARKSAP 
2    4               9  10          14     17 18                      26 27 28 

H3 

Acetylation is associated with activation, while methylation can 
be associated with activation or inhibition depending on 
location of modification as well as number added; mono, di or 
tri methylation  



H3K9Ac	
  status	
  of	
  cardiac	
  genome	
  during	
  growth	
  



Aligning RNA pol II, TFIIB and H3K9Ac. 



Aligning RNA pol II, TFIIB and H3K9Ac. 



Will regulating H3K9Ac effect only selective 
genes during cardiac hypertrophy 

•  Essential genes with paused promoter RNA pol II 
have acetylated H3K9 in adult and the 
hypertrophied hearts, similar trend as TFIIB 

•  Specialized genes require de novo pol II H3K9Ac 
during cardiac hypertrophy for transcription. 

•  Preventing de novo H3K9 acetylation will effect 
only specialized genes, sparing the essential 
genes during cardiac hypertrophy 

•  Modulators – Inhibitors of HAT e.g. Curcumin, 
       Histone deacetylators  



•  Gene regulation during cardiac hypertrophy can be 
broadly divided into two sets, incremental increase 
in essential/housekeeping genes and specialized 
genes that show significant induction 

•  Two modes, promoter clearance of pol II and de 
novo recruitment of pol II, TFIIB and H3K9Ac 
differentially regulate the two groups during cardiac 
hypertrophy 

•  Manipulation of TFIIB levels or H3K9Ac status at 
gene promoters can serve as potential therapeutic 
targets to selectively and collectively control 
induction of specialized genes during cardiac growth      

Conclusion 
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