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				Preface 
 This  Open textbook on “Understanding Gene Regulation and Gene expression” developed by Dr. V. Malathi as part of her OE4BW project in 2023.
 This book will be an essential part of courses in Molecular Biology, Genetics , Genetic Engineering and Biotechnology . This project is aimed at creating an open textbook for the global student community.
 This open text book will include the following modules
 • Chapters
 • Sub chapters
 • Interactive exercises
 • Summary and
 • Links for additional learning
 The  chapters are described using a simple language with suitable illustrations , interactive exercises ( created using H5P tool).
 The content  includes reading/watching materials adapted from openly licensed OERs from open repositories like OpenStax, Lumen Learning, Libre Texts , which are  suitably re-used, re-purposed, adapted with proper attribution .
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		Chapter 1 : What are Genes?
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				 Learning Objectives
  By the end of this chapter, readers will be able to:
 	Discuss what are genes?
 	Explain the organization of genes in Prokaryotes
 	Discuss the organization of genes in Eukaryotes
 	Compare prokaryotic and eukaryotic gene Organization
 	Explain what are chromosomes, their types and function
 
 
 
 1. Genes- Characteristics and Function
 Genes are the basic unit of inheritance containing the information for physical and biological traits. They contain the information necessary for living cells to survive and reproduce . Genes are regions of the DNA .They are passed from parents to offspring. They code for specific proteins or segments of proteins. Humans have approximately 20,000 protein coding genes . These  20,000 protein coding genes are encoded only 1.5% of the entire human genome. Not all genes code only for proteins , some genes encode information for making an RNA molecule that functions other than directly coding for a protein.
 Genes in genome of eukaryotes consist of exons and introns . Exons are the protein coding regions of mRNA. These are the regions that contain information for making a protein whereas other regions of the RNA are non-coding and these regions are called introns
 The majority of human genes have two or more possible alleles, which are alternative forms of a gene. Differences in alleles account for the considerable genetic variation among      people. In fact, most human genetic variation is the result of differences in individual DNA bases within alleles.
 [image: Picture depicting introns ,exons and genes]
 “Gene_Intron_Exon” by Smedlib via Wikimedia commons is licensed under CC BY-SA 4.0
  
  
 
	

			
			


		
	
		
			
	
		

		Prokaryotic Genes and their Organization
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				Prokaryotes do not have a well defined nucleus. The genome is present in a region of the cytoplasm called nucleoid .The genome of prokaryotes is composed of a single , double stranded DNA in the form of a circle or loop. Apart from the genome DNA some prokaryotes also have smaller loops of DNA called plasmids that are not essential for normal growth. The DNA of prokaryotes are compressed through supercoiling .
 Genomes can be twisted in the same direction as the double helix or positively super coiled . Alternatively genome can be twisted in the opposite direction of the double helix or       negatively supercoiled . Most bacterial genomes are negatively supercoiled . This is achieved with the help of a protein called HU,  which is the most abundant protein in the nucleoid. The protein Hu along with an enzyme called topoisomerase I to bind DNA and introduce sharp bends in the chromosome. This  generates  the tension necessary for negative supercoiling.
 Another protein called  Integration Host Factor (IHF), can bind to specific sequences within the genome and introduce additional bends. The folded DNA is then organized into a variety of conformations that are supercoiled and wound around tetramers of the HU protein. DNA topoisomerase I, DNA gyrase, and other proteins help maintain the supercoils.
 The DNA molecules of Archaea, a taxonomic domain composed of single -celled ,non bacterial prokaryotes that share many similarities with eukaryotes. Their DNA can be negatively supercoiled, positively supercoiled, or not supercoiled. Archaeans are the only group of prokaryotes that use eukaryote-like histones, rather than the architectural proteins described above, to condense their DNA molecules. It is believed that the acquisition of histones by archaeans had paved the way for the evolution of larger and more complex eukaryotic cells.
 [image: ]
 “Prokaryote cell” by Mariana Ruiz Villarreal, LadyofHatsDifference via Wikimedia commons is licensed under CC BY-SA 3.0 
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				The chromosomes are thread like structures present in the nucleus of an eukaryotic cells . They are DNA molecule compacted with proteins .Chromosomes vary widely between different organisms. Each species has a characteristic number of chromosomes. Eukaryotic cells (cells with nuclei) have large linear chromosomes and prokaryotic cells (cells without defined nuclei) have smaller circular chromosomes. There are many exceptions to this rule. Mitochondria in most eukaryotes and chloroplasts in plants have their own small chromosomes.
 Humans have 23 pairs of chromosomes , of which 22 pairs are autosomes or body chromosomes  . Autosomes  look the same in both males and females . Apart from autosomes there is a  pair of  allosome or sex chromosomes which differ between males and females.
 Each pair contains two chromosomes, one acquired from each parent, which means that children inherit half of their chromosomes from their mother and half from their father. Chromosomes can be seen through a microscope when the nucleus dissolves during cell division.
 The matched pairs of chromosomes in a diploid organism are called homologous chromosomes. Homologous chromosomes are of  the same length and have genes in exactly the same location, or locus.A somatic cell contains two matched sets of chromosomes, a configuration known as diploid ( 2n)  where ‘ n’ represent a single set of chromosomes;
 Gametes, or sex cells  (eggs and sperm )  contain only one set of 23 chromosomes (n)  and are designated  as haploid.
 The variation of individuals within a species is caused by the specific combination of the genes inherited from both parents. Genes are expressed as characteristics of the organism . Each characteristic may have different variants called traits . Traits are caused by differences in the DNA sequence for a gene. An organism’s traits are determined largely by the genes     inherited from each parent and also by the environment that they experience. [image: Human metaphase chromosomes]
 “Chromosomes” by Andreas Bolzer, Gregor Kreth, Irina Solovei, Daniela Koehler, Kaan Saracoglu, Christine Fauth, Stefan Müller, Roland Eils, Christoph Cremer, Michael R. Speicher, Thomas Cremer, is licensed under CC BY-SA 2.5
 
	

			
			


		
	
		
			
	
		

		Watch the video , a  3-D movie that journeys into the human cell revealing chromosomes

					Chromosome- 3D
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				  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://pressbooks.justwrite.in/understanding-gene-regulation/?p=96#oembed-1 
 
 ” A 3-D movie that journeys into the human cell revealing a chromosome” by National Human Genome Research Institute is licensed under CC BY 4.0
 
	

			
			


		
	
		
			
	
		

		Chromosomes - Structure ,Types and Functions
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				Structure of Chromosomes 
 Each chromosome has a constriction point called the centromere. The centromere divides the chromosome into two sections, or “arms.” The short arm of the chromosome is labeled the “p arm.” The long arm of the chromosome is labeled the “q arm.” The location of the centromere on each chromosome gives the chromosome its characteristic shape, and can be used to help describe the location of specific genes.
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=108#h5p-1 
 
 
  
 Types of Chromosomes 
 Apart from the two types of  chromosomes namely Autosomes and Allosomes , Chromosomes may be classified further :
 I. On the basis of location of centromere
 	Telocentric– Telocentric chromosomes have the centromere at the end of the chromosome . Here centromere occupy the terminal position. Thus, the chromosome in this case  has just one arm. Such rod shaped chromosomes are found in species such as mice. 
 	Acrocentric- In this type ,centromere occupying a sub-terminal position  making one arm very long and the other very short. Human chromosomes 13, 15, 21, and 22 are acrocentric. 
 	Sub-metacentric– This type of chromosomes are with centromere slightly away from the mid-point. The two arms are unequal. Human chromosomes 4 through 12 are sub-metacentric. 
 	Metacentric- Metacentric chromosomes are V-shaped . The  centromere lies in the middle of chro­mosome or in the center.  The two arms are almost equal. Human chromosome 1 and 3 are metacentric.
 
 II. On the basis of number of centromere
 	Monocentric- Chromosomes are with one centromere. 
 	Dicentric-Chromosomes  with two centromeres. 
 	Polycentric- Chromosomes with more than two centromeres. 
 	Acentric- Such chromosomes are without centromere. These are freshly broken segments of chromosomes. 
 	Diffused or non-located- These are chromosomes with indistinct centromere diffused throughout the length of chromosome.
 
 Functions of Chromosomes 
 	Chromosomes are the essential unit for cellular division
 	Chromosomes must be replicated, divided, and passed successfully to their daughter cells so as to ensure the genetic diversity and survival of their progeny.
 	Chromosomes protect the DNA from damage
 	The dynamics of  chromosome structural changes regulate gene expression.
 	Chromosomal recombination plays a vital role in genetic diversity.
 
  
 

	

			
			


		
	
		
			
	
		

		Eukaryotic gene organization - Packaging of DNA to Chromosome
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 Histones 
 Histones are basic proteins. Histones are enriched with basic lysine and arginine residues, Their positive charges enables  them to associate with the negatively charged DNA ( due to the phosphates , PO4 – ) . The histones function as spools for the thread-like DNA to wrap around. Histones may be chemically modified through the action of enzymes to regulate gene expression.Core histones share a structural motif known as the histone fold domain, formed by three α-helices connected by two loops.
 Types of Histones 
 Basically histones are of two category namely
 Core histone  which includes  H2A, H2B, H3 & H4 and  Linker histone  which includes H1.
 H2A is the core histone with the largest number of variants. The histone H2A variants which are found in most eukaryotes are H2AZ and H2AX. Phosphorylation of H2AX has been found to aid in the recruitment of proteins involved in DNA repair
 Histone H2B variants are few in number and  have specialized roles in chromatin compaction during gametogenesis
 Histone H3 variants include H3.3, CenHS and H3.4. H3.3  is found in transcriptionally active chromatin 
 Histone H4 is the most highly conserved histone. H4 makes extensive contacts with the other three core histones in the nucleosome core particle 
 Gene organization in Eukaryotes 
 The large eukaryotic genome or DNA approximately 2 m in length is packed  in to a nucleus of roughly 10 µm diameter through an orderly packaging.
 Nucleosomes
 Nucleosomes are the basic unit of DNA packaging in eukaryotes and represent the first level of chromatin organization. A nucleosome consist of a segment of DNA wound around a   protein core called –histone octamer. This structure is often compared to thread wrapped around a spool. 
 The nucleosome core particle consists of approximately 146- 147 base pairs of DNA  wrapped  around a histone octamer , consisting of 2 copies each of the core histones namely  H2A, H2B, H3, and H4.The octamer structure is a four-helix bundle comprised of two H3-H4 and two H2A-H2B dimers. 
 Nucleosome cores are separated by linker DNA of variable length ( 20 to 80 base pairs of linker DNA ) and are associated with the linker histone H1. Nucleosomes connected by a DNA linker of variable  forms a 10-nm beads-on-a-string array. 
 Nucleosomes  pack DNA in a sequence-independent fashion. The core histones make contact with the DNA primarily through three to six hydrogen bonds between the protein main chain amides and the DNA phosphate backbone.
  Nucleosome particles can be modified in their composition, structure and location by chromatin remodeling complexes and regulates  gene expression. Nucleosomes are folded through a series of successively higher order structures to eventually form a chromosome. A nucleosome plus histone H1 is referred to as Chromatosome 
 The 30 nm Fibre 
 The chromatosome fold  up to a 30 nm fibre .Nucleosome core particles can stack on top of each other to form extended structures. These stacks can adopt a gentle helical configuration.  The 30 nm fibre  consists of a helical array of nucleosomes, each comprising a core particle wrapping ∼146 or 147 base pairs (bp) of DNA associated with a linker histone. Secondary structures to chromatin are demonstrated by the solenoid model and the zigzag model. The solenoid model consists of tightly wound nucleosomes containing 6 nucleosomes per turn in a regular, spiral configuration . The zigzag model is a bit looser form of chromatin with irregular configuration. In this model, nucleosomes have little face-to-face contact.
 Nuclear Scaffold 
 Higher order packaging consisting of loops of the 30-nm fibers attached to a proteinaceous nuclear scaffold by an interaction between the scaffold and specific DNA sequences called Scaffold/matrix attachment regions (S/MARs) . These are DNA elements that serve to compartmentalize the chromatin into structural and functional domains. 
 Loops are formed averaging about 300nm in length.  The 300nm fibre are compressed and folded  producing a 250 nm wide fibre .
 Upon tight coiling of the 250nm wide fiber the chromatid of chromosome is formed. 
  
  
 
	

			
			


		
	
		
			
	
		

		Organization of Eukaryotic Chromosomes

					Picture depicting the Organization of Eukaryotic Chromosomes
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				[image: Picture depicting various levels of Eukaryotic Chromosome Organization]
 
 “Organization of Eukaryotic chromosomes “ by CNX Open Stax Via Wikimedia commons is licensed under CC BY 4.0
 
	

			
			


		
	
		
			
	
		

		Video on how DNA is Packaged in Eukaryotes to Chromosomes ?

					Video on how DNA is packaged to chromosomes in Eukaryotes ?
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				  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://pressbooks.justwrite.in/understanding-gene-regulation/?p=176#oembed-1 
 
 “How DNA is Packaged ?” by DNA Learning Center is licensed under CC BY 4.0
 
	

			
			


		
	
		
			
	
		

		Chapter 1 - References

								

	
				Links for additional learning 
 	https://www.nature.com/scitable/topicpage/genome-packaging-in-prokaryotes-the-circular-chromosome-9113/
 	https://www.nature.com/scitable/topicpage/chromosomes-14121320/ 
 	https://en.wikibooks.org/wiki/Principles_of_Biochemistry/Chromosome_and_its_structure
 	https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Book%3A_Introductory_Biology_(CK-12)/03%3A_Genetics/3.09%3A_Human_Chromosomes_and_Genes
 	https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Book%3A_General_Biology_%28Boundless%29/10%3A_Cell_Reproduction/10.01%3A_Cell_Division/10.1C%3A_Eukaryotic_Chromosomal_Structure_and_Compaction
 	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1831843/
 	https://www.nature.com/scitable/definition/histones-57/
 	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2267236/
 	https://www.nature.com/scitable/topicpage/eukaryotic-genome-complexity-437/
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  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=183#h5p-2 
 
 
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=183#h5p-3 
 
 
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=183#h5p-5 
 
 
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=183#h5p-6 
 
 
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=183#h5p-7 
 
 
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=183#h5p-8 
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				 Learning Objectives
  By the end of this chapter, readers will be able to:
 	Discuss flow of information in biological systems 
 	Explain the process of Transcription and Translation  in Prokaryotes
 	Discuss about Eukaryotic Transcription and Translation
 	Analyze the use of inhibitors of Transcription and Translation in medical field
 
 
 
 Gene Expression
 The process of turning on a gene to produce RNA and protein is called gene expression. For a cell to function properly appropriate  proteins must be synthesized at the appropriate  time. Whether in a simple unicellular organism  or a complex multi-cellular organism, each cell controls  when and how its genes are expressed.
 Central Dogma of Molecular Biology -Information flow in biological systems
 The central dogma of molecular biology  explains the flow of genetic information within a biological system. It is often stated as “DNA makes RNA, and RNA makes protein” .
 	 DNA can be copied to DNA through a molecular process called DNA Replication. Instructions for making  proteins with the correct sequence of amino acids are encoded in DNA.
 	 This information in DNA can be copied into RNA  through the molecular process called  Transcription by which the information in the DNA of every cell is converted into small, portable RNA messages.
 	 Proteins can be synthesized using the information in mRNA as a template through the molecular process called Translation. During translation, the RNA messages travel from DNA  in the nucleus to the ribosomes in the cytoplasm where they are ‘read’ to make specific proteins.[image: The flow of biological information in cell- Central dogma of protein synthesis]
 
 Image of “An overview of the (basic) central dogma of molecular biochemistry” by Dhorspool at en.wikipedia is licensed under CC BY-SA 3.0
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				The process of  transcription occurs in the nucleus of the cell in eukaryotes  and the mRNA transcript must be transported to the cytoplasm for protein synthesis . In prokaryotes, which lack membrane-bound nuclei and other organelles, transcription occurs in the cytoplasm of the cell. Therefore, the processes of transcription and  translation,  can all occur simultaneously. This is referred to as  Coupled Transcription- Translation . The intracellular level of a bacterial protein can quickly be amplified by multiple transcription and translation events occurring concurrently on the same DNA template. Prokaryotic transcription often covers more than one gene and produces polycistronic mRNAs that specify more than one protein.
 Prokaryotic RNA Polymerase
 	The process of transcription begins when an enzyme called RNA Polymerase  which attaches to the template DNA strand and begins to catalyze production of complementary RNA. Prokaryotes use the same RNA polymerase to transcribe all of their genes.
 	In E. coli, the polymerase is composed of five polypeptide subunits, comprising the Core enzyme  and the holoenzyme .
 	The five subunits include 	 two α-subunits  :  are necessary to assemble the polymerase on the DNA
 	 β-subunit :  binds to the ribonucleoside triphosphate that will become part of the nascent “recently born” mRNA molecule;
 	 β′ – subunit  : binds the DNA template strand.
 	 subunit  σ  : is involved only in transcription initiation. It confers transcriptional specificity such that the polymerase begins to synthesize mRNA from an appropriate initiation site. Without σ, the core enzyme would transcribe from random sites
 
 
 
 The  α, α, β, and β′ comprise the polymerase core enzyme. The polymerase comprised of all five subunits is called the holoenzyme (a holoenzyme is a biochemically active compound comprised of an enzyme and its coenzyme).
 The Process of Prokaryotic Transcription
 Template or Non coding strand 
 DNA is double-stranded, but only one strand serves as a template for transcription at any given time. This template strand is called the noncoding strand. 
 Non template or Coding strand 
 The other strand of DNA which is not serving as template is called the  nontemplate  or coding strand . This strand is referred to as the coding strand because its sequence will be the same as that of the new RNA molecule. In most organisms, the strand of DNA that serves as the template for one gene may be the nontemplate strand for other genes within the same chromosome.
 Upstream and Down stream Sequences 
 These are  conventions used to describe features of a DNA sequence, gene or mRNA related to the position and direction (5′ to 3′) of transcription by RNA polymerase or translation by the ribosome. 
 Downstream (or 3′ to) is in the direction of transcription (or translation) whereas
 Upstream (5′ to) is in the direction from which the polymerase (or ribosome) has come.( Upstream DNA sequences are before the start site of transcription)
 [image: Picture depicting the template and non tempalte stand, transcription bubble]
 Image“Transcription Bubble” by Ristinn via Wikimedia Commons is licensed under CC BY-SA 4.0
 INITIATION
 The first step in transcription is initiation, when the RNA pol binds to the DNA upstream (5′) of the gene at a specialized sequence called a promoter .
 Prokaryotic Promoters
 	The DNA sequence onto which the proteins and enzymes involved in transcription bind to initiate the process is called a promoter. Promoters usually exist upstream of the genes they regulate. The specific sequence of a promoter determines whether the corresponding gene is transcribed all of the time, some of the time, or hardly at all. The structure and function of a prokaryotic promoter is relatively simple 
 	The -10 consensus sequence or the Pribnow box  : In prokaryotes, most genes have a sequence called the Pribnow box, with the consensus sequenceTATAAT positioned about ten base pairs away from the site . This serves as the location of transcription initiation. Not all Pribnow boxes have this exact nucleotide sequence; these nucleotides are simply the most common ones found at each site.
 	The -35 consensus sequence : Many genes also have the consensus sequenceTTGCCA at -35  position, upstream of the start site
 	Upstream element  : an A-T rich region 40 to 60 nucleotides upstream that enhances the rate of transcription
 
 [image: Figure depicting the promoter elements in prokaryotes]
 “Prokaryotic Promoter” Image from Biology 2e (2nd edition), an OpenStax resource licensed under CC BY 4.0
  The process of transcription starts with the binding of  the RNA pol “holoenzyme” binding to the template DNA and  unwinds  the DNA double helix in order to facilitate access to the gene. The sigma subunit conveys promoter specificity to RNA polymerase; that is, it instructs the  RNA polymerase where to bind. There are a number of different sigma subunits that bind to different promoters. These sigma subunits assist in turning genes on and off as conditions change.
 The mRNA product is complementary to the template strand and is almost identical to the other DNA strand, called the non-template strand, with the exception that RNA contains a uracil (U) in place of the thymine (T) found in DNA. Like DNA polymerase, RNA polymerase adds new nucleotides onto the 3′-OH group of the previous nucleotide. This means that the growing mRNA strand is being synthesized in the 5′ to 3′ direction. 
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				 Elongation
 
 Once transcription is initiated, the DNA double helix unwinds and RNA polymerase reads the template strand. Elongation phase begins with the release of the σ subunit from the polymerase. The dissociation of σ allows the core enzyme to proceed along the DNA template, synthesizing mRNA in the 5′ to 3′ direction .
 Nucleotides  are added to the 3′ end of the growing chain . At a temperature of 370 C new nucleotides are added at an estimated rate of about 42-54 nucleotides per second in bacteria. As elongation proceeds, the DNA is continuously unwound ahead of the core enzyme and rewound behind it. The base pairing between DNA and RNA is not stable enough to maintain the stability of the mRNA synthesis components. Instead, the RNA polymerase acts as a stable linker between the DNA template and the nascent RNA strands to ensure that elongation is not interrupted prematurely.
 [image: Picture depicting the process of elongation in transcription]
 “Process of transcription “ by NHS National Genetics and Genomics Education Centre. is licensed under CC BY 2.0 
 Termination
 Once a gene is transcribed, the prokaryotic polymerase needs to be instructed to dissociate from the DNA template and liberate the newly made mRNA. Depending on the gene being transcribed, there are two kinds of termination signals namely :
 	Rho-dependent or Extrinsic termination : Termination is controlled by the rho protein.The rho protein tracks along behind the polymerase on the growing mRNA chain. Near the end of the gene, the polymerase encounters a run of G nucleotides on the DNA template and it stalls. As a result, the rho protein collides with the polymerase. Rho unwinds the DNA-RNA hybrid formed during transcription and releases the mRNA from the transcription bubble.
 	Rho-independent or Intrinsic termination is controlled by  C–G nucleotide sequences in the DNA template strand at the end of the gene being transcribed. Due to the self complementary nature of the C-G nucleotides . The mRNA folds back on itself, and form a stable hairpin . This causes the polymerase to stall and  it begins to transcribe a region rich in A–T nucleotides. The complementary U–A region of the mRNA transcript forms only a weak interaction with the template DNA. This fact together  with the stalled polymerase, induces enough instability for the core enzyme to break away and liberate the new mRNA transcript.
 
 Upon termination, the process of transcription is complete. By the transcription would end the prokaryotic transcript would  have already commenced the   synthesis of numerous copies of the encoded protein .
 
 [image: Picture depicting intrinsic and extrinsic termination in prokaryotes]
 “Prokaryotic Terminators “ by Oalnafo via Wikimedia Commons is licensed under CC BY-SA 3.0
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				Eukaryotic Transcription
 Eukaryotic transcription is carried out in the nucleus of the cell . Eukaryotes also employ three different polymerases that each transcribe the various subset of genes. The process take place in three stages as 
 	Initiation
 	Elongation
 	Termination.
 
  Eukaryotes require proteins, called transcription factors, to first bind to the promoter region which then help to recruit the appropriate polymerase.
 Eukaryotic RNA Polymerases 
 The  three different RNA polymerases in eukaryotes, each  comprise  of 10 subunits or more and require a distinct set of transcription factors to bring the RNA polymerase to the DNA template.
 RNA polymerase I is located in the nucleolus. Transcribe the genes for Ribosomal RNA ( r RNA)- transcribes the 28S, 18S, and 5.8S rRNA genes. . These are structural RNAs has they have a cellular role but are translated in to protein.. The rRNAs are components of the ribosome and are essential to the process of translation. RNA polymerase I synthesizes most of the rRNAs.
 RNA polymerase II is located in the nucleus.  Synthesizes all  pre-mRNAs and small nucleolar RNAs (snoRNAs) involved in rRNA processing and small nuclear RNAs (snRNAs) involved in mRNA processing, except for U6 snRNA. The  eukaryotic pre-mRNAs undergo extensive processing after transcription but before translation.
 RNA polymerase III is also located in the nucleus. This polymerase transcribes a variety of structural RNAs including tRNA, 5S rRNA, U6 snRNA, and the 7S RNA associated with the signal recognition particle (SRP). The tRNAs have a critical role serve as the adaptor molecules between the mRNA template and the growing polypeptide chain. Small nuclear RNAs have a variety of functions, including “splicing” pre-mRNAs and regulating transcription factors.
 	RNA Polymerase 	Cellular Compartment 	Product of Transcription 	α-Amanitin Sensitivity 
 	 	 	 	 
 	I 	Nucleolus 	All rRNAs except 5S rRNA 	        Insensitive 
 	 	 	 	 
 	II 	Nucleus 	All protein-coding nuclear pre-mRNAs 	       Extremely sensitive 
 	 	 	 	 
 	III 	Nucleus 	5S rRNA, tRNAs, and small nuclear RNAs 	Moderately sensitive
  
  
 Each of the types of RNA polymerase recognizes a different promoter sequence and requires different transcription factors.
 The RNA polymerase transcribes one strand, the antisense (-) strand, of the DNA template. RNA synthesis does not require a primer and occurs in the 5’ → 3’ direction . 
 The RNA polymerase catalyzes a nucleophilic attack by the 3′-OH of the growing RNA chain on the alpha-phosphorus atom of an incoming ribonucleoside 5′-triphosphate.
 All three of the nuclear RNA polymerases are complex enzyme . Each consisting of 8 to 14 different subunit . Although they recognize different promoters and transcribe distinct classes of genes, they share several common features.
 The two largest subunits of all three eukaryotic RNA polymerases are related to the β and β′subunits of the single E. coli RNA polymerase. 
 In addition, all three eukaryotic polymerases have common five subunits .
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				Transcription Factors
  RNA polymerase II requires specific proteins called transcription factors to initiate transcription . 
 Two general types of transcription factors have been defined  namely ;
 	General transcription factors  : These are involved in transcription from all polymerase II promoters and  part of the basic transcription machinery.
 	Additional transcription factors  : These bind to DNA  sequences that control the expression of individual genes and  regulate gene expression.
 
 Enhancers
 Enhancer regions are binding sequences,  for specific transcription factors. Enhancers may be located upstream or downstream of transcription start site. Each enhancer is made up of short DNA sequences called distal control elements . 
 Proteins called Activators  , mediator proteins and transcription factors bind to the enhancers .When a transcription factor binds to its enhancer sequence, the shape of the  transcription factor protein changes. This enables the transcription factor to   interact with proteins at the promoter site. 
 As the enhancer region may be distant from the promoter, the DNA must bend to allow the proteins at the two sites to come into contact. DNA bending proteins help to bend the DNA and bring the enhancer and promoter regions together.
  Two different genes may have the same promoter but different distal control elements, enabling differential gene expression.
 [image: Figure depicting the binding of activators,mediators and transcription factors binding to the enhancers sites]
 “Enhancers” image from Biology, an OpenStax resource is licensed under CC BY 4.0
 The promoters of RNA polymerase II
  The TATA box : This resembles the the -10 sequence element of bacterial promoters. This region contain the sequence TATAA  and is located 25 to 30 nucleotides upstream of the transcription start site. 
 Initiator, or Inr, sequence : In addition to the TATA box , the promoters of many gene contain a second important sequence element called initiator, or Inr, sequence. Some RNA polymerase II promoters contain only an Inr element, with no TATA box. 
 The promoter -proximal elements : The CAAT box, with the consensus sequence 5’-CCAAT-3’ and the GC box, with the consensus sequence 5’-GGGCGG-3’. These  promoter-proximal elements  regulate gene transcription.
 Initiation-Formation of the Transcription complex 
 	The first step in formation of a transcription complex is the binding of a general transcription  called TFIID to the TATA box.TFIID is itself composed of multiple subunits,  including the TATA binding protein . This binds specifically to the TATAA consensus sequence .and 10-12 other polypeptides, called TBP-associated factors (TAFs). 
 	TBP then binds a second general transcription factor (TFIIB) forming a TBP-TFIIB complex at the along with TF II F at the promoter
 	Then RNA polymerase II binds
 	This is followed by the binding of TFIIE and TFIIH. 
 	TFIIH is a multi subunit factor. It plays  two important roles. First, two subunits of TFIIH are helicases, which unwind DNA  around the initiation site. These subunits of TFIIH are also required for Nucleotide excision repair .Another subunit of TFIIH is a  Protein kinase . This phosphorylates repeated sequences present in the C-terminal domain of the largest subunit of RNA polymerase II. 
 
 [image: Transcription complex assembly and binding of RNA polymerase assembly]
 “Eukaryotic Transcription Initiation” image from the book General Biology (Boundless) licensed under CC BY-SA 4.0
 	Once the complex is assembled, RNA polymerase can bind to its upstream sequence. 
 	When bound along with the transcription factors, RNA polymerase is phosphorylated. This releases part of the protein from the DNA .  The transcription initiation complex  gets activated and places RNA polymerase in the correct orientation to begin transcription.
 	Then the double-stranded DNA in the transcription start region  is unwound . The RNA Polymerase II is then  positioned at the +1 initiation nucleotide and starts new RNA strand synthesis.
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				The promoters of  RNA polymerase I
 The promoters recognized by RNA polymerase I consists of
 	 a core element  :  It  surrounds the transcription start site , and
 	an upstream promoter element  :  This  is about 100 bp farther upstream. 
 	RNA polymerase  binds to promoter containing a core promoter element and an upstream control element (UCE). The Tata Binding Protein ( TBP), which is part of a larger complex called SL1, helps RNA polymerase I to recognize the core promoter
 
 The promoters of RNA polymerase III
 	The RNA polymerase III promoters are of two types namely  Type I and Type II . These  promoters  lie wholly within the genes. 
 	The type II promoter of the Xenopus laevis 5S RNA gene consists of an internal control region (ICR). This is  subdivided into A box (+50 to +60), intermediate element (IE, +67 to +72), and C box (+80 to +90). 
 	The type II  promoter of the X. laevis tRNALeugene consists of an A box (+8 to +19) and a B box (+52 to +62). 
 	The type III promoter of the Homo sapiens U6 snRNA gene consists of a distal sequence element (DSE, −215 to −240)  and a core promoter composed of a proximal sequence element (PSE, −65 to −48) and a TATA box (−32 to −25). 
 
 Elongation
 	RNA Polymerase  clears or “escapes” the promoter region and leaves most of the transcription initiation proteins behind.
 
 	RNA Polymerases travel along the template DNA strand in the 3′ to 5′ direction .The synthesis of new RNA strands takes place in the 5′ to 3′ direction. i.e.,  new nucleotides are added to the 3′ end of the growing RNA strand.
 
 	RNA Polymerases unwind the double stranded DNA ahead of them and rewinds the unwound DNA behind them.
 	RNA strand synthesis occurs in a transcription bubble of about 25 unwound DNA basepairs. 
 	About 8 nucleotides of newly-synthesized RNA remain base paired to the template DNA. The rest of the RNA molecules falls off the template  and this  allows the DNA behind it to rewind.
 
 Termination
 	The termination of transcription is different for the three different eukaryotic RNA polymerases.
 	RNA Polymerase I contain a specific sequence of basepairs -11 bp long in humans  :  18 bp in mice .  This sequence is recognized by a termination protein called TTF-1 (Transcription Termination Factor for RNA Polymerase I.).  This protein binds the DNA at its recognition sequence and blocks further transcription, causing the RNA Polymerase I to detach from the template DNA strand and  releases the newly-synthesized RNA.
 	RNA Polymerse II lack any specific signals or sequences that direct RNA Polymerase II to terminate at specific locations. The transcript is cleaved at an internal site before RNA Polymerase II finishes transcribing. The clevage site occurs between an upstream AAUAAA sequence and a downstream GU-rich sequence separated by about 40-60 nucleotides in the emerging RNA.
 	 The upstream portion of the transcript is released .
 	The remainder of the transcript is digested by a 5′-exonuclease (called Xrn2 in humans) while it is still being transcribed by the RNA Polymerase II. When the 5′-exonulease “catches up” to RNA Polymerase II by digesting away all the overhanging RNA, it  disengage the polymerase from its DNA template strand, finally terminating transcription.
 	A protein called CPSF in humans binds the AAUAAA sequence and a protein called CstF in humans binds the GU-rich sequence. CPSF cleaves the nascent pre-mRNA at a site 10-30 nucleotides downstream from the AAUAAA site. The Poly(A) Polymerase enzyme  catalyze the addition of a 3′ poly-A tail on the pre-mRNA .
 	The RNAs transcribed by RNA Polymerase III have a short stretch of four to seven U’s at their 3′ end. This somehow triggers RNA Polymerase III to both release the nascent RNA and disengage from the template DNA strand.
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				Translation
 	Translation is the last step in gene expression, 
 	During translation  the coding sequence of mRNA is translated into the amino-acid sequence of a protein. 
 	Translation is a highly dynamic process and comprises  four major phases: initiation, elongation, termination, and ribosome recycling. 
 	Ribosomes form transient complexes with auxiliary translation factors during each phase of translation and  facilitate protein synthesis. 
 
 Translation in Prokaryotes
 	In bacteria, translation initiation occurs co transcriptionally. The RNA polymerase (RNAP) and the ribosome physically interact with each other.
 	The ribosome binds to the ribosome binding site (RBS) of the mRNA as soon as it emerges from the RNAP.
 
 Initiation
 	During translation initiation, the ribosome recruits an mRNA and selects the start codon of the Open Reading Frame (ORF) 
 	m RNAS of prokaryotes have an extended 5′ untranslated region (5′UTR) and an Shine- Dalgarno sequence (SD) located 8–10 nt upstream of the start codon (usually AUG).
 	Interactions between the SD sequence and the complementary anti-SD (aSD) sequence in 16S ribosomal RNA (rRNA) recruits the small 30 S ribosomal subunit and anchors  the 30S ribosomal subunit at the correct location on the mRNA template.
 	Initiation is promoted by initiation factors IF1, IF2, and IF3. IF1 enhances the activities of IF2 and IF3.IF2 is a GTPase that recruits the initiator fMet-tRNAfMet. IF3 interferes with subunit association. It also ensures the fidelity of fMet-tRNAfMet selection over the elongator aminoacyl-tRNAs (aa-tRNAs), and helps to discriminate against mRNAs with unfavorable translation initiation regions (TIRs)
 	The initiator tRNA then interacts with the start codon AUG (or rarely, GUG). This tRNA carries the amino acid methionine, which is formylated after its attachment to the tRNA and thus the  Charged t RNA , fMet-tRNAMetf    is formed .  This is mediated by the initiation factor IF-2.
 	The initiating fMet is usually removed after translation is complete.
 	After the formation of the initiation complex, the 30S ribosomal subunit is joined by the 50S subunit to form the 70S translation complex. 
 
 [image: Picture depicting the steps in the initiation of translation in prokaryotes of]
 “Prokaryotic Translation Initiation” by Richard Wheeler (Zephyris) via wikimedia is licensed under CC BY-SA 3.0
 	The ribosome consists of three compartments. 	The A (aminoacyl) site  : the incoming charged aminoacyl tRNAs binds to this site.
 	The P (peptidyl) site  : binds charged tRNAs carrying amino acids that have formed peptide bonds with the growing polypeptide chain but have not yet dissociated from their corresponding tRNA. 
 	The E (exit) site  :  The uncharged t RNA  ( t RNA after delivering the aminoacid) are released from this site.
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				Elongation
 	Elongation includes repetitive cycles of decoding the m RNA , peptide bond formation, and translocation. 
 	Elongation begins as soon as the second codon of the ORF becomes accessible for reading by the next amino acylated tRNAs 
 	 Elongation is facilitated by  translation factors EF-Tu, EF-G ,EF-Ts EF-P and EF-4.
 
 	Bacterial Elongation Factors  	                                              Function 
 	EF-TU 	mediates the entry of the aminoacyl t RNA into a free site of the ribosome 
 	EF-TS 	serves as the guanine nucleotide exchange factor  for EF-Tu and catalyzes  the release of GDP from EF-Tu. 
 	EF-G 	catalyzes the translocation of the tRNA and mRNA down the ribosome. 
 	EF-P 	possibly stimulates formation of peptide bonds and resolves stalls. 
 	EF-4 	Proofreading 
  
 	The second  codon  in the P site is recognized by aminoacylated -tRNAs.  A ternary complex of  aa-tRANA ,EF-Tu and GTP is attached to the P site .This interaction triggers GTP hydrolysis by EF-Tu. After Pi release, EF-Tu rearranges into the guanosine diphosphate (GDP)-bound form and releases the aa-tRNA.
 	The amino group of the amino acid attached to the A-site tRNA  makes a peptide bond with the carboxyl group of the amino acid attached to the P-site tRNA. This reaction is catalyzed by peptidyl transferase, an RNA-based ribozyme that is integrated into the 50S ribosomal subunit. Now the A site carries a peptide comprising of two amino acids and leaves the uncharged t RNA in the p site .
 	During elongation the ribosomes move one codon along the mRNA in a process called Translocation. Translocation is promoted by EF-G at the cost of GTP hydrolysis .During each translocation event, a new  charged tRNAs enter at the A site, then shift to the P site, and then finally to the E site for removal. Ribosomal movements  are induced by conformational changes that advance the ribosome by three bases in the 3′ direction.
 	This process of elongation continues until the ribosome arrives at the stop codon.
 	Amazingly, the E. coli translation apparatus takes only 0.05 seconds to add each amino acid, meaning that a 200 amino-acid protein can be translated in just 10 seconds.
 
 Termination
 	Termination occurs when the ribosome encounters a stop codon UAG/UAA and UGA/UAA, respectively in the mRNA.
 	These stop codons are recognized by the termination (or release) factors RF1 and RF2.
 	Another termination factor, RF3, facilitates turnover of RF1 and RF2 but is not required for peptidyl-tRNA hydrolysis.
 	The mechanism of termination encompasses  three steps: 	recognition of the stop codon, 
 	hydrolysis of the ester bond of the peptidyl-tRNA (these two steps are accomplished by RF1 or RF2) and 
 	dissociation of RF1/RF2 with the help of RF3.
 
 
 
 	The releasing factors instruct peptidyl transferase to add a water molecule to the carboxyl end of the P-site amino acid. This reaction forces the P-site amino acid to detach from its tRNA, and releases the  newly made protein.
 	The small and large ribosomal subunits dissociate from the mRNA and from each other; they are recruited almost immediately into another translation initiation complex. After many ribosomes have completed translation, the mRNA is degraded so the nucleotides can be reused in another transcription reaction.
 
   [image: Picture depicting the initian,elongation and termination of translation in prokaryotes]
  
 “Translation in bacteria” by Biology 2e. Provided by: OpenStax is licensed under CC BY 4.0
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				The basic steps of the process of eukaryotic protein synthesis are same as in prokaryotic protein synthesis. The genetic code is generally the same  except some microorganisms and eukaryotic mitochondria use slightly different codons , rRNA and protein sequences are  similar, and the same set of amino acids is used in all organisms. However, specific differences exist between the two types of protein synthesis at all steps of the process
 Differences between Prokaryotic and Eukaryotic Translation 
 	Prokaryotic translation 	Eukaryotic translation 
 	It occurs on 70 S Ribosomes 	It occurs on 80S Ribosomes. 
 	It is a continuous process as both  transcription and translation occur in cytoplasm.  
 	It is a discontinuous process as transcription occurs in nucleus while translation on cytoplasm.  
 
 	It is a faster process, adds about 20 amino acids per second. 	It adds one amino acids per second, thus a slower process. 
 	mRNA is Polycistronic 	mRNA is monocistronic. 
 	First amino acid taking part is fMet. 	First amino acid is Met(methionine) 
 	It requires three initiation factors IF1, IF2, IF3 	It requires a set of nine initiation factors. 
 	mRNA life is short (few seconds to two minutes) as mRNA is unstable. 	mRNA has a life of few hours to few days; it is quite stable. 
 	After translation formyl group from first formylated methionine is removed, retaining methionine in the polypeptide chain. 	The whole of initiating methionine is removed from the polypeptide chain. 
 	Elongation factors are EF-Tu, EF-G ,EF-Ts EF-P and EF-4. 	Elongation factors are eEF-1,eEF-2 
 	It requires three release factors RF1, RF2 and RF3 in the termination. 	It requires single release factor eRF1. 
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				The process of initiation can be grouped in to 4 main headings as
 	Ribosome dissociation in to 40 S and 60 S
 	Ternary complex  called pre initiation complex formation – initiator t RNA +GTP+ eIF2+40S ribosomal subunit
 	mRNA binding to preinitiation complex
 	60S ribosomal subunit binding to the complex
 
 The steps in the process of initiation
 The steps can be summarized as :
 	GTP binds to eIF2- Binary complex
 	eIF2 composed of 3 subunits – α, β and γ.
 	Binary complex binding to initiator t RNA
 	Binding of 40S ribosomal subunit
 	Ternary complex – called 43S preinitiation complex.  This complex is stabilized by earlier  association of eIF3 and eIF1 to the 40S subunit
 	Eukaryotes does not require the Shine-Dalgarno sequence rather the eukaryotic initiation complex recognizes the 7-methylguanosine cap at the 5′ end of the mRNA.
 	Cap structure of mRNA is bound by eIFs prior to pre initiation complex formation. Cap binding accomplished by e IF -4F This factor is a complex of 3 proteins  namely  eIF-4E, A and G 
 eIF-4E    –    24 KDa protein, recognizes and binds cap structure
 eIF-4A   –    46 KDa protein, binds and hydrolyses ATP , exhibits RNA helicase activity, resolves RNA secondary structures.
 eIF- 4G    – helps in the binding of mRNA to 43S preinitiation complex
 
 	The cap-binding protein (CBP) and  IFs assist the movement of the ribosome to the 5′ cap. Once at the cap, the initiation complex moves  along the mRNA in the 5′ to 3′ direction, searching for the AUG start codon.
 	Many eukaryotic mRNAs are translated from the first AUG, but this is not always the case.
 	According to Kozak’s rules, the nucleotides around the AUG indicate whether it is the correct start codon. Kozak’s rules state that the following consensus sequence must appear around the AUG of vertebrate genes: 5′-gccRccAUGG-3′. The R (for purine) indicates a site that can be either A or G, but cannot be C or U. Sequences closer to this consensus show higher efficiency of translation. 
 	e IF-5 binds to preinitiation complex. This is followed by the binding of initiator t RNA – met –tRNA met   to the AUG codon of mRNA ( process helped by eIF-1)
 	This is followed by the binding of 60S subunit and results in the formation of 80S complex.
 	Association of 60S requires e IF-5.Energy for the binding dervied by GTP hydrolysis – bound to eIF-2.
 	eIF-2 cycle
 
 
 •GDP bound form of eIF-2  binds to e IF-2B
 •eIF-2B stimulates exchange of GTP for GDP( therefore called GEF-Guanine nucleotide exchange factor).
 •eIF-2B dissociate from eIF-2
 [image: Picture depicting sequence of event in eukaryotic translation]
 
 “Eukaryotic Translation Initiation” by Webridge via wikemedia is licensed under CC BY 3.0
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				The sequence of steps in the process of elongation are :
 
 •Movement of ribosome to next codon
 •Incoming aminoacyl tRNA brought to the ribosome by eEF-1α- GTP.
 •GTP hydrolysed
 •eEF-1α- GDP- complex dissociates
 •GDP/ GTP exchange for additional translocations.( carried out by eEF-1 βγ).
 •Peptide in ribosome P-site transferred to aminoacyl-tRNA in A site.
 •Reaction  called Transpeptidation ; catalysed by peptidyl transferase.
 •Peptidyl tRNA movement from A site to P site called –Translocation. Catalyzed by eEF-2: coupled to GTP hydrolysis
 •In the process of translocation- Ribosome moved to next codon  of mRNA  resides in the A site.
 •eEF-2 released. Cycle begins again.
 Regulation
 •Ability of eEF-2 to carry out translocation is regulated by state of Phosphorylation
 •When phosphorylated enzyme is inhibited
 •Phosphorylation catalyzed by eEF2Kinase (eEF2K).
 •eEF2K activated by calcium.
 •Phosphorylation of eEF2K by mTOR- master metabolic regulatory Kinase – inactivates eEF2K
 
 Termination
 •Requires releasing factors – eRFs
 •Termination signal – UAG, UAA and UGA
 •eRF binds to A site  along  with GTP
 •This binding stimulates peptidyl transferase activity to transfer the peptidyl group to water
 •Uncharged t RNA left in p site expelled  with GTP hydolysis
 •80S complex dissociates
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  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=502#h5p-9 
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				Links for additional learning
 	Principles of Biology by Lisa Bartee, Walter Shriner, and Catherine Creech is licensed under a Creative Commons Attribution 4.0 International License
 	https://courses.lumenlearning.com/wm-biology1/chapter/prokaryotic-transcription/
 	https://www.nature.com/scitable/topicpage/dna-transcription-426/
 	https://openstax.org/books/biology-2e/pages/15-2-prokaryotic-transcription
 	Biology 2e. Provided by: OpenStax. Located at: http://cnx.org/contents/185cbf87-c72e-48f5-b51e-f14f21b5eabd@10.8. License: CC BY: Attribution.
 	https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Book%3A_General_Biology_(Boundless)/15%3A_Genes_and_Proteins/15.06%3A_Eukaryotic_Transcription_-_Initiation_of_Transcription_in_Eukaryotes
 	https://www.ncbi.nlm.nih.gov/books/NBK9935/
 	https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Book%3A_General_Biology_(Boundless)/15%3A_Genes_and_Proteins/15.07%3A_Eukaryotic_Transcription_-Elongation_and_Termination_in_Eukaryotes#:~:text=During%20elongation%2C%20the%20transcription%20machinery,5%E2%80%B2%20to%203%E2%80%B2%20direction.
 	http://genesdev.cshlp.org/content/16/20/2593/F1.expansion.html
 	https://courses.lumenlearning.com/wm-biology1/chapter/prokaryotic-translation/ 
 	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6120702/ 
 	https://bio.libretexts.org/Courses/Lumen_Learning/Book-_Biology_for_Majors_I_(Lumen)/12%3A_Module_10-_DNA_Transcription_and_Translation/12.15%3A_Prokaryotic_Translation
 	https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4461372/
 	https://www.ncbi.nlm.nih.gov/books/NBK6597/
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				 Learning Objectives
  By the end of this section, readers will be able to:
 	Discuss why every cell does not express all of its genes.
 	Describe the importance of gene expression  regulation
 	Explain the stages at which gene expression can be regulated
 
 
 
 GENE REGULATION
 A human cell, a eukaryotic cell, contains some 21,000 genes. Some of these are expressed in all cells all the time. These so-called housekeeping genes. They are responsible for the routine metabolic functions (e.g. respiration) which are common to all cells. Some are expressed as a cell enters a particular pathway of differentiation. Some are expressed all the time in only those cells that have differentiated in a particular way.  For example, a plasma cell expresses continuously the genes for the antibody it synthesizes. Some are expressed only as conditions around and in the cell change. For example, the arrival of a hormone may turn on (or off) certain genes in that cell.
  Cellular functions  are determined by the thousands of genes that are expressed in that cell. By altering the quantity and kind of proteins produced, the cell can self-regulate its operations by regulating informational flow  from DNA to RNA to protein.
 
 Gene regulation is the process of controlling which genes in a cell’s DNA are expressed i.e., Which gene is used to make a functional product such as a protein. Different cells in a multicellular organism may express different sets of genes in spite of containing the same DNA. The set of genes expressed in a cell determines the set of proteins and functional RNAs it contains and this determines its unique properties.
 
 In eukaryotes like humans, gene expression involves many steps. Gene regulation can occur at any of these steps. However basically many genes are regulated at the level of transcription.The concentration of a protein in a cell is determined by the the equilibrium between its metabolic pathways for synthesis and degradation.
 Protein formation  begins with transcription and continues with translation . The types and concentrations of mRNA molecules present in a cell determine the cell’s function.  Every cell creates thousands of transcripts per second. The  gene expression  is mainly regulated during the transcriptional initiation. One mRNA molecule can produce several proteins, making RNA transcription an effective control point.
 
 Eukaryotes have an additional degree of regulation provided by  post transcriptional processing in the nucleus before being exported to the cytoplasm for translation. While in prokaryotes due to the close proximity of the ribosomes to the nascent mRNA molecules, translation  starts even  before the  transcription is completed .
 The gene expression regulation may occur even  after transcription . For instance, following fertilization during embryonic  developmental stages  gene expression is regulated at the level of translation.  Hence, many maternally derived mRNA transcripts are present in eggs as a ready supply for translation following fertilization.
 In eukaryotic cells the level of  protein degradation is connected to cellular activities.  This can be well illustrated by the role of cyclins. Cyclins are regulatory proteins that regulate the various phases of cell cycle.  Each phase produce a characteristic type of cyclins and a cell must breakdown the cyclin that is specific to that phase of the cell cycle before it can move on to the following phase. A cyclin’s inability to be degraded prevents the cycle from continuing the cell cycle. This example thus helps us to understand how appropriate gene expression and protein levels determine the functions of a cell.
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				Gene regulation makes cells different
 The different patterns of gene expression cause our various cell types to have different sets of proteins, making each cell type uniquely specialized to do its job.  For example, the liver functions to remove toxic substances like alcohol from the bloodstream. By expressing genes encoding the enzyme called alcohol dehydrogenase. This breaks alcohol down into a non-toxic molecule.
 
 Likewise the neurons in brain do not  function to remove toxins from the body, so they keep these genes unexpressed, or “turned off.” Similarly, the cells of the liver do not send signals using neurotransmitters, so they keep neurotransmitter genes turned off.
 
 It is interesting to know that humans and chimpanzees are about 98.8%identical at the DNA level. But the protein-coding sequences of some genes are different between humans and chimpanzees.  This  contributes to the differences between the species explaining the importance of gene regulation and differential expression of the genes.
 
 Gene expression regulation enables the human body to respond to changes in nutrient concentration
 Hormonal and nutrient concentrations affect several regulatory domains of genes, which encode for enzymes involved in anabolic and catabolic pathways. Insulin and glucose concentrations increase mRNA levels and transcription rates of the glycolytic enzymes, and decrease those of the gluconeogenic enzymes. On the contrary glucagon  has the opposite effect of insulin.
 The required protein must be generated at the appropriate time and rate for a cell to function effectively. To prevent the buildup of intermediates, particularly the hazardous ones, in the biosynthetic pathway, the activity of the pathway enzymes must be balanced which could be achieved by regulating the expression of genes encoding these enzymes.
 Gene expression regulation helps to conserve Energy and Space 
 Energy and space are conserved through gene expression control. Just activating the genes when necessary will use less energy. Also, because DNA must be unwound from its tightly coiled shape in order to be translated and transcribed, just expressing a selection of genes in each cell conserves space. If every protein were constantly expressed in every cell, cells would need to be extremely large.
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				Eukaryotic gene expression can be regulated at many stages:
 	Chromatin accessibility. The structure of chromatin can be regulated. More open or “relaxed” chromatin makes a gene more available for transcription.
 	Transcription. Transcription is a key regulatory point for many genes. With the help of transcription factor proteins bind to specific DNA sequences in or near a gene and promote or repress its transcription into an RNA.
 	RNA processing. Processing events like Splicing, capping, alternative splicing and addition of a poly-A tail to an RNA molecule can be regulated in turn regulating gene expression.
 	RNA stability. The lifetime of an mRNA molecule in the cytosol determines the number of proteins can be made from it. Small regulatory RNAs called miRNAs can bind to target mRNAs and cause them to be chopped up.
 	Translation. Translation of an mRNA may be increased or inhibited by regulators. For instance, miRNAs sometimes block translation of their target mRNAs (rather than causing them to be chopped up).
 	Protein activity. Proteins can undergo a variety of modifications, such as being chopped up or tagged with chemical groups. These modifications can be regulated and this in turn affect the activity or behavior of the protein.
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  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=587#h5p-10 
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				 Learning Objectives
  By the end of this chapter, readers will be able to:
 	Define Operons
 	Explain the roles of Lac I, Lac Z, and Lac Y of the lactose Operon
 	Predict the effects on lactose metabolism when the concentration of lactose is changed.
 	Explain about the Trp Operon
 	Define attenuation
 	Explain molecular mechanisms that control Eukaryotic gene regulation
 	Define Epigenetics
 	Discuss the role of epigenetics in gene expression and regulation
 
 
 
 Prokaryotic Gene regulation
 The process of turning on a gene to produce RNA and protein is called gene expression. For a cell to function properly appropriate  proteins must be synthesized at the appropriate  time. Whether in a simple unicellular organism  or a complex multi-cellular organism, each cell controls  when and how its genes are expressed.
 Prokaryotic organisms are single-celled organisms that lack a defined nucleus; therefore, their DNA floats freely within the cell cytoplasm. To synthesize a protein, the processes of transcription (DNA to RNA) and translation (RNA to protein) occur almost simultaneously. The expression of a gene is a highly regulated process and ensures that a cell’s resources are not wasted making proteins that the cell does not need at that time.
 Prokaryotic transcription and translation occur simultaneously in the cytoplasm, and regulation occurs at the transcriptional level.
  Regulation of Gene expression  in Prokaryotes
 Operons
 In prokaryotes , genes with  related functions for example  the genes that encode the enzymes of a single biochemical pathway— are found next to each other on the DNA  or clustered together and  regulated together  . Such gene clusters  shares same promoter and a regulatory sequence  that controls the transcription of the entire unit. The organization of genes in this manner is called an OPERON.  This arrangement enables the prokaryote to rapidly adapt to changes in the environment.
 Prokaryotic  mRNAs are Poly cistronic  , meaning they contain the information to make more than one protein. The promoter has simultaneous control over the regulation of the transcription of these structural genes.
 The operon includes two main components namely
 	Structural genes – genes that encode proteins used in metabolism or biosynthesis or that play a structural role in the cell and 
 	Regulatory elements-  includes the promoter and the region surrounding the promoter and the genes that code for the regulatory proteins
 
 In prokaryotic cells, there are three types of regulatory molecules that can affect the expression of operons namely ;
 	 Repressors– are proteins that suppress transcription of a gene in response to an external stimulus, 
 	Activators – are proteins that increase the transcription of a gene in response to an external stimulus and 
 	Inducers – are small molecules that either activate or repress transcription depending on the needs of the cell and the availability of substrate.
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				Lactose Operon: An Inducible Operon
 Francois Jacob & Jacques Monod. studied the mechanisms of transcriptional regulation in E. coli.   
 The lac operon consists of  two main components  namely  the regulatory genes and  structural genes .
 The structural genes
 The structural genes are lax Z, lac Y and lac A. These encode the three enzymes involved in lactose metabolism ; These are  lac Z encodes an enzyme calledβ-galactosidase, which digests lactose into its two constituent sugars namely  glucose and galactose.  lac Y encodes the enzyme called  permease that helps to transfer lactose into the cell and lac A  encodes  trans-acetylase; the relevance of which in lactose metabolism is not clearly understood.
 The regulatory genes 
 In addition to the three protein-coding genes, the lac operon contains short DNA sequences that do not encode proteins,  These sequences are called P (promoter), O (operator), and CBS (CAP-binding site) . These are  binding sites for proteins involved in transcriptional regulation of the operon. 
  These sequences are called cis-elements as they are located on the DNA of  the genes they regulate. On the other hand, the proteins that bind to these cis-elements are called trans-regulators . These are diffusible molecules and are not necessarily need to be encoded on the same piece of DNA as the genes they regulate. 
 One of the major trans-regulators of the lac operon is encoded by lacI. which codes for the lac I protein. Four identical molecules of lacI proteins assemble together to form a homotetramer called a repressor.
 Negative regulation of the Lac Operon 
 In the absence of Lactose and when glucose is available in the medium , the repressor binds to two operator sequences adjacent to the promoter of the lac operon. Binding of the repressor prevents RNA polymerase from binding to the promoter . Therefore, the operon will not be transcribed when the operator is occupied by a repressor. This is called negative regulation.
  
 Positive Regulation 
 When  the level of glucose in the medium is   very low or non-existent and when lactose is available in the medium, the lac operon is induced to express the genes i.e., Only when glucose is absent and lactose is present will the lac operon be transcribed .When lactose is present, its metabolite, allolactose, binds to the lac repressor and changes its shape so that it cannot bind to the lac operator to prevent transcription.  This is referred to as positive regulation
  It should be mentioned that the lac operon is transcribed at a very low rate even when glucose is present and lactose absent.
 [image: Picture depicting the transcription regulation of the lac operon]Transcription regulation of the lac operon from Biology, an OpenStax resource is licensed under CC BY-SA 4.0  
 Positive Regulation by CAP 
  CAP is a trans-factor called cAMP binding protein.  CAP protein binds to a  cis element within the lac promoter called CAP binding sequence (CBS).   CBS is located very close to the promoter (P).  CAP can bind to CBS only after it is binds with cAMP .When CAP is bound to at CBS, RNA polymerase is better able to bind to the promoter and initiate transcription. Thus, the presence of cAMP ultimately leads to a further increase in lac operon transcription.
 The concentration of cAMP is inversely proportional to the abundance of glucose:  when glucose concentrations are low, the enzyme called adenylate       cyclase  produces cAMP from ATP.E. coli prefers glucose over lactose, and so expresses the lac operon at high levels only when glucose is absent and lactose is present.  The lac operon expressed at its highest levels only in the presence of lactose, and in the absence of glucose .
 [image: Picture depicting the role of cAMP -CAP regulating the Lac operon]
 “cAMP binds to the CAP protein, a positive regulator” from Biology, an OpenStax resource is licensed under CC BY-SA 4.0
 
 Here is a simulation on Gene machine-The lac operon. After playing with this simulation you will be able to
 	Predict the effects on lactose metabolism when the various genes and DNA control elements are mutated (added or removed).
 	Predict the effects on lactose metabolism when the concentration of lactose is changed.
 	Explain the roles of LacI, LacZ, and LacY in lactose regulation.
 
 
 Below is another simulation on Gene Expression Essentials. After interacting with the simulation you will be able to
 	Explain the main sequence of events that occur within a cell that leads to protein synthesis.
 	Predict how changing the concentrations and interactions of biomolecules affects protein production.
 	Explain how protein production in a single cell relates to the quantity produced by a collection of cells.
 
 Click on each link – for example when you click on Expression, that will be highlighted, click again on it to go further, you can use Home button to return.
  One or more interactive elements has been excluded from this version of the text. You can view them online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=596#iframe-phet-1 
 
 Gene Expression Essentials Interactive Simulation by PhET licensed under CC-BY-4.0
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				  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://pressbooks.justwrite.in/understanding-gene-regulation/?p=234#oembed-1 
 
 “Regulation of Lac Operon” by Gerry Bergtrom is licensed under CC BY 4.0
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				The trp Operon: A Repressor Operon
 Bacteria such as E. coli need amino acids  like tryptophan to survive, which they can ingest from the environment.
  E. coli can also synthesize tryptophan using enzymes that are encoded by five genes in the tryptophan (trp) operon .
 If tryptophan is available in the environment, then there is no necessity for   E. coli does  to synthesize it and the trp operon is switched off. However, when tryptophan availability is low,  the operon is turned on, transcription is initiated, the genes are expressed, and tryptophan is synthesized.
 Like lac operon , trp operon also consists of structural genes and regulatory genes
 The regulatory genes include
 P/O genes :  Promoter sequence and the operator sequence which is found in the promoter region.
 trp L : Leader sequence : attenuator (A) sequence is found in the leader
 The structural genes are
 	trp Operon Gene 	                           Gene Function 
 	 	 
 	trp E 	Gene for anthranilate synthetase subunit 
 	trp D 	Gene for anthranilate synthetase subunit 
 	trp C 	Gene for glycerolphosphate synthetase 
 	trp B 	Gene for tryptophan synthetase subunit 
 	trp A 	Gene for tryptophan synthetase subunit 
  
 The trp operon is a repressible systems because  the binding of the effector molecule to the repressor greatly increases the affinity of repressor for the operator . The repressor binds to the operator  and stops transcription. Thus if tryptophan  (effector) is  available in the medium   the repressors binds at the operator and repress the trp operon.
 [image: Tryptophan operon]
 Histidine-Trpoperon by Wikimedia Commons licensed under CC BY-SA 3.0
  
 Attenuation of the trp Operon
 	The leader sequence (L) of the trp Operon lies before the trpE gene at its 5′ end . This sequence about 160 bp is size and controls the expression of the operon through a process called attentuation.
 	This sequence has four domains (1-4). Domain 3 (nucleotides 108-121) of the mRNA can base pair with either domain 2 (nucleotides 74-94) or domain 4 (nucleotides 126-134).
 	 At high levels of tryptophan in the medium :  domain 3 pairs with domain 4, a stem and loop structure forms on the mRNA and transcription stops.
 	At low levels of tryptophan in the medium :     domain 3 pairs with domain 2, then the stem and loop structure does not form and transcription continues through the operon, and all of the enzymes required for tryptophan biosynthesis are produced.
 	Attenuators: Domain 4 is called the attenuator because its presence is required to reduce (attenuate) mRNA transcription in the presence of high levels of tryptophan.
 	Domain 1 is also an important component of the attenuation process. The section of the leader sequence encodes a 14 amino acid peptide that has two tryptophan residues.
 
 trp Operon Transcription Under High Levels of Tryptophan
 	When the cellular levels of tryptophan are high, the levels of the tryptophan tRNA are also high.
 	Immediately after transcription, the mRNA moves quickly through the ribosome complex translating the leader peptide .
 	Translation is quick because of the high levels of tryptophan tRNA.
 	Domain 2 becomes associated with the ribosome complex.
 	As result the domain 3 binds with domain 4, and
 	transcription is attenuated because of the stem and loop formation.
 
 trp Operon Transcription Under Low Levels of Tryptophan
 	Under low cellular levels of tryptophan, the translation of the peptide on domain 1 is slow.
 	Domain 2 does not become associated with the ribosome.
 	Rather domain 2 associates with domain 3.
 	This structure permits the continued transcription of the operon.
 	Then the trpE-A genes are translated, and the biosynthesis of tryptophan occurs.
 
  
 [image: Picture depicting the attention of trp operon in response to tryptophan levels]
 Trp operon attenuation by Wikimedia commons is licensed under CC BY-SA 3.0
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  One or more interactive elements has been excluded from this version of the text. You can view them online here: https://pressbooks.justwrite.in/understanding-gene-regulation/?p=678#oembed-1 
 
 “Operon Trp” by Gerry Bergtrom is licensed under CC BY 4.0
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				Transcriptional Regulation in Eukaryotes
 There are three classes of control elements in eukaryotes:
 •The RNA polymerase II binding region (the core promoter)
 • cis-acting binding sequences that bind to proteins with RNA polymerase affinity, which in turn help bind RNA polymerase to a promoter.
 •A trans-acting DNA element
 cis-acting DNA element
 •These are short DNA sequences that acts as a binding site for a protein that has an affinity for that specific sequence.
 include short consensus sequences
 • These elements  are usually located within 200 bp upstream of the transcription initiation site
 •They can be included in a promoter or an enhancer
 • They have an affinity for a specific protein that binds to it, serving as a regulator
 
 •The term “cis acting” means that the bound protein acts only upon DNA sequences on the same DNA molecule as the cis-acting sequence.
 •These are also found in prokaryotes example ; the operator of the lac operon.
 
 
 cis-acting DNA elements- enhancers and silencers
 •An enhancer DNA sequence (or positive regulatory element) turns a gene ON.
 
 •When the activator is bound to the enhancer, RNA polymerase is more highly attracted to the gene.
 
 •enhancers are located upstream or downstream of the promoter region,
 
 •Multiple regulatory proteins bound to binding sites in an enhancer can form a large, complex enhancesosome that has varying affinity for RNA polymerase, depending on its size and exact composition.
 
 •The enhanceosome can both recruit additional co-activators and facilitate chromatin remodeling.
 
 •A silencer DNA sequence (or negative regulatory element) turns a gene OFF or reduces its rate of transcription.
 
 •When the repressor is bound to the silencer, RNA polymerase cannot attach and transcribe the gene.
 
 •silencers are located downstream of a promoter.
 
 Trans-acting DNA element 
 •A trans-acting DNA element is a DNA sequence that codes for a protein (a trans-acting factor) that controls the expression of a gene at a separate location by binding to its cis-acting element.
  Trans-acting factors:
 • These are enzymes that interact with RNA polymerase
 • They bind to RNA polymerase to stabilize the initiation complex
 • They may bind to a few promoters and serve as positive regulators
 •A trans-acting factor can affect the expression of genes located on separate chromosomes.
 Post-Translational Control of Gene Expression
 	RNA is transcribed, but must be processed into a mature form before translation can begin. This processing is called post-transcriptional modification. 
 	This post-transcriptional step can also be regulated to control gene expression in the cell. 
 	In eukaryotic  RNA transcript often contains regions, called introns, that are removed prior to translation. 
 	The regions of RNA that code for protein are called exons . 
 	By a process called splicing , the RNA is processed and the introns are removed and exons are ligated together.
 
 [image: Picture depicting RNA splicing]
 “Pre-mRNA can be alternatively spliced to create different proteins” by Shelli Carter and Lumen Learning. is licensed under CC BY 4.0
 ALTERNATIVE RNA SPLICING
 	Alternative RNA splicing is a mechanism that allows different protein products to be produced from one gene when different combinations of introns, and sometimes exons, are removed from the transcript.
 	Alternative splicing  acts as a mechanism of gene regulation, 
 	The frequency of different splicing alternatives controlled by the cell as a way to control the production of different protein products in different cells or at different stages of development.
 	 70 percent of genes in humans are expressed as multiple proteins through alternative splicing.
 
 [image: Splicing Overview]
 
 “Splicing_overview.jpg” by Agathman is licensed under CC BY-SA 3.0
  
 Control of RNA Stability
 	 The  3′ and 5′ ends of the mRNA is protected before it  leaves the nucleus,
 	.The 5′ end of the mRNA is protected by a  5′ cap, which is usually composed of a methylated guanosine triphosphate molecule (GTP). 
 	The poly-A tail protects the 3′ end. It is usually composed of a series of adenine nucleotides. 
 	The length of time that the RNA resides in the cytoplasm  can be controlled. 
 	Each RNA molecule has a defined lifespan and decays at a specific rate. This rate of decay determine how much protein is in the cell. For example  , If the decay rate is increased, the RNA will not exist in the cytoplasm as long, shortening the time for translation to occur.
 	This rate of decay is referred to as the RNA stability
 	Proteins, called RNA-binding proteins, or RBPs, can bind to the regions of the RNA just upstream or downstream of the protein-coding region. These regions in the RNA that are not translated into protein are called the untranslated regions, or UTRs. 
 	These regions  regulate mRNA localization, stability, and protein translation. The region just before the protein-coding region is called the 5′ UTR, whereas the region after the coding region is called the 3′ UTR . 
 	The binding of RBPs to these regions can increase or decrease the stability of an RNA molecule, depending on the specific RBP that binds.
 
 [image: 5′ and 3′ untranslated regions (UTRs). The presence of RNA-binding proteins at the 5′ or 3′ UTR influences the stability of the RNA molecule.]
 “The protein-coding region of mRNA is flanked by 5′ and 3′ untranslated regions (UTRs). The presence of RNA-binding proteins at the 5′ or 3′ UTR influences the stability of the RNA molecule.” by Shelli Carter and Lumen Learning is licensed under CC BY 3.0
  microRNAs
 	 microRNAs, or miRNAs, are short RNA molecules that are only 21–24 nucleotides in length.
 	The miRNAs are made in the nucleus as longer pre-miRNAs. 
 	A protein called dicer chop these pre-miRNAs are chopped into mature miRNAs . 
 	Mature miRNAs recognize a specific sequence and bind to the RNA and associate with a ribonucleoprotein complex called the RNA-induced silencing complex (RISC).
 	RISC binds along with the miRNA to degrade the target mRNA. Together, miRNAs and the RISC complex rapidly destroy the RNA molecule.
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				The DNA and histones that bind the DNA can undergo changes. These changes do not alter the nucleotide sequence and are not permanent, though they often persist through multiple rounds of cell division. These temporary changes can alter the chromosome structure as required. A gene can be turned on or off depending upon the location and modifications to the histone proteins and DNA. This type of gene regulation is called epigenetic regulation.
 Role of Histones in gene regulation
 •Histone/nucleosome winding of the DNA molecule may change with the gene activity in a particular cell or tissue.
 •When a gene needs to be transcribed but is unavailable because of histone proximity, moving the histone from the DNA strand can free the promoter and associated regulatory sequences so that the sequences are exposed and the  gene can be expressed.
 •Conversely, if an active gene associated with a nucleosome must be turned off, then moving the DNA so that repressors can attach to the gene’s silencers can also be achieved by rewinding the DNA (in the next cell cycle) on the nucleosomes in a different way.
 Histone Modifications
 • Histone modification is a covalent post-translational modification (PTM) to histone proteins.
 • N terminal tails of histone are modified  by
 		methylation,
 	phosphorylation,
 	acetylation,
 	ubiquitylation, and
 	sumoylation. (small ubiquitin-related modifier (SUMO) family are conjugated to proteins to regulate such cellular processes as nuclear transport, transcription, chromosome segregation and DNA repair.)
 
 
 	Histones modifications is  carried out by acetyltransferases and deacetylases, methyltransferases and demethylases.
 	The PTMs made to histones can impact gene expression by altering chromatin structure or recruiting histone modifiers.
 
 Histone -Lysine acetylation
 	Histone -Lysine acetylation is regulated by two enzymes:
 	Histone Acetyltransferases (HATs)–use acetyl-CoA that is specifically recognized and bound by the Arg/Gln-X-X-Gly-X-Gly/Ala segment of HATs to transfer an acetyl group to the ε-amino groups on the N-terminal tails of histones .
 	Histone Deacetylases (HDACs)–reverses the above modification by HATs
 	Lysine acetylation causes a destabilization of the nucleosome and chromatin structure–effectively facilitating access to the DNA for various nuclear factors like the transcription complex.
 	Hyperacetylated histones are regarded to be a hallmark of transcriptionally active chromatin.
 	The work of HDACs increases the affinity between the nucleosome and the DNA, leading to a closed (heterochromatin-like) chromatin conformation that minimizes accessibility for the transcriptome.
 
 Histone methylation
 	This unique posttranslational modification is performed by a specific enzyme family known as the Protein Arginine N-Methyltransferases (PRMTs).
 	Along with serine/threonine phosphorylation, and lysine methylation and acetylation, arginine methylation is an epigenetic histone modification that regulates gene expression as part of the histone code
 
 
 Chromatin remodeling
 •It is the dynamic modification of chromatin architecture to allow access of condensed genomic DNA to the regulatory transcription machinery proteins, and thereby control gene expression.
 •When chromatin is tightly packed, and not actively being transcribed it is called heterochromatin.
 •When chromatin is more loosely packed, and therefore accessible for transcription it is called euchromatin.
 •Chromatin remodeling is highly implicated in epigenetics.
 •Epigenetic modifications to histone proteins such as methylation/demethylation and acetylation/deacetylation can alter the structure of chromatin resulting in transcriptional activation or repression.
 
 Two classes of chromatin remodeling enzymes
 a) Class I : Histone modifying enzymes
 	These do not alter nucleosome position
 	 They bring about covalent modification of histone proteins like  histone tail modifications (Ac, Me, P, Ub, etc.)
 	 Proteins recruited by these modifications include: i)transcription factors ii)ATP-dependent nucleosomal remodeling enzymes iii)histone modifying enzymes
 
 
  
 b) Class II : Chromatin remodeling factors
 
 •It shifts nucleosome position with respect to DNA, exposing regulatory sequences.
 •These are often referred to as Swi/Snf factors (because they were first identified as yeast mutants defective in mating type switching and in the ability to metabolize sucrose , sucrose non-fermenting).
 •Chromatin remodeling factors use energy from ATP hydrolysis to rearrange the packing of nucleosomes in higher order chromatin structures.
 •Remodeling improves access to DNA or histone binding sites recognized by transcriptional regulators or histone modifiers.
 • Some of these bind to :
 		 Activation domains and de-condense the associated chromatin.
 	Repression domains and condense the associated chromatin.
 
 
 
 DNA Methylation
 
 
 
 	DNA methylation is the process of adding methyl tags to the bases of the DNA
 	This reaction is carried out by enzymes called DNA Methyl Transferases (DMTs)
 	The cytosine and Guanine bases of the DNA are more frequently methylated
 	The cytosine / guanine rich regions of the genes are called CpG Islands
 	DNA methylation in the promoter  regions can repress Gene transcription as it interferes with the binding of transcription factors
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				Use the quiz from lumenlearning to check your understanding.
 Quiz URL: https://assessments.lumenlearning.com/assessments/6906
 
 Go through the presentation given below and answer the questions.
 
  An interactive H5P element has been excluded from this version of the text. You can view it online here:
 https://pressbooks.justwrite.in/understanding-gene-regulation/?p=747#h5p-15 
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				 Learning Objectives
  By the end of this chapter, readers will be able to:
 	Discuss the importance of gene expression regulation
 	Explain the link between dysregulated gene expression and cancer
 	Discuss the role of dysregulated gene expression in auto immune diseases
 
 
 
  Altered Gene Expression and Cancer
 Altered gene expression or dysregulated gene expression plays a role in the development of disease like Cancer. Proteins are turned on or expressed by gene activation and are turned off by gene silencing. This gene expression regulation determines the overall activity of the cell. A gene that is not normally expressed in a cell can be switched on and expressed at high levels due to  gene mutation or changes in gene regulation ( epigenetic, transcription, post-transcription, translation, or post-translation).Changes at each of these levels can be detected in different types of cancer  in different individuals. Scientific  studies had reported changes in histone acetylation , activation of transcription factors by phosphorylation, increased RNA stability, increased translational control, and protein modification etc.,  to be involved in the development of various cancers.
 Tumor suppressor genes
 These are genes active in normal cells that function to prevent uncontrolled cellular proliferations example, p53 gene .This gene is  mutated in over 50 percent of all cancer types. The p53 protein itself functions as a transcription factor and can bind to promoters of genes to initiate transcription. Therefore, the mutation of p53 in cancer  alter the transcriptional activity of its target genes.
 Proto-Oncogenes 
 proto-oncogenes which are positive cell-cycle regulators. When mutated, proto-oncogenes can become oncogenes and cause cancer..
 When their expression is deregulated in cancers  there can be overexpression and can become the oncogene  leading to uncontrolled cell growth. For example the Myc protein ,which is a transcription factor .Aberrantly activated  Myc results in  a cancer of the lymph system called Burkett’s Lymphoma. Overexpression of myc transforms normal B cells into cancerous cells that continue to grow uncontrollably and develop as tumors of the  jaw or  mouth that interfere with the ability to eat.
 Epigenetic Alterations
 Silencing genes through epigenetic mechanisms is also very common in cancer cells. Certain histone and DNA  modifications are associated with silenced genes. The DNA in the promoter region of silenced genes is methylated on cytosine DNA residues in CpG islands in most cancer cells.
 Altered Transcription control
  Mutations may activate transcription factors and can increase the binding of a transcription factor to  a promoter. This could lead to increased transcriptional activation of that gene. This in turn  results in modified cell growth and proliferation. Also mutations in promoter or enhancer region can increase the binding ability of a transcription factor. This could also lead to the increased transcription and aberrant gene expression that is seen in cancer cells. For example Breast cancer cells over express the epidermal growth factor receptor (EGFR). The EGFR pathway activates many protein kinases that, in turn, activate many transcription factors that control genes involved in cell growth. Therefore  drugs that prevent the activation of EGFR have been developed  to treat breast cancer .
 Altered expression of miRNAs
 miRNAs bind to the 3′ UTR of RNA molecules and degrade them.  Overexpression of these miRNAs could be detrimental to normal cellular activity. Increased expression of  miRNAs could  decrease the RNA population and  in  turn decrease protein expression. Several studies have demonstrated  change in the miRNA population in specific cancer types. Aberrantly expressed miRNAs is also reported contributing to the pathogenesis of multiple sclerosis 
 Altered Post translational control
 Increased translation of a protein, changes in protein phosphorylation , variants of alternative splicing are found in cancer cells. For example ,the c-Flip protein ,  a protein involved in mediating the cell death pathway, exists in two forms: long (c-FLIPL) and short (c-FLIPS). In normal cells both the isoforms        appear to be involved in initiating controlled cell death mechanisms . However, in colon cancer cells,  long form  is seen to over expressed . This results in  increased cell growth instead of cell death. 
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				Genetics and environmental factors are implicated in the pathogenesis of many autoimmune diseases. Increasing evidence has shown that dysregulated epigenetic modifications are involved in pathogenesis of several autoimmune diseases.
 Systemic Lupus Erythematosus (SLE)
 SLE is a multi-organ involved autoimmune disease  in which the immune system attacks its own tissues, causing widespread inflammation and tissue damage in the affected organs. It can affect the joints, skin, brain, lungs, kidneys, and blood vessels. SLE   is characterized by aberrant immune cells, such as dendritic cells, B and T lymphocytes.  Increasing evidence , have reported that DNA methylation plays a critical role in immune cells hyper-activation  in lupus conditions. Genomic DNA in lupus CD4+ T cells  has been found to show DNA hypomethylation. DNA hypomethylation is also reported in Lupus B cells .
 Aberrant Histone Modifications is also contribute to Lupus. Lupus CD4+ T cells show global histone H3 and H4 hypoacetylation . Abnormal histone modifications have been found in the promoter region of TNFSF7 in T cells. This results in overexpression of CD70. This in turn might be the one cause of auto-reactivity of T cells .Histone hyperacetylation has been shown to be a cause for an increased serum level of TNF-α and an enhanced maturation status of monocytes from lupus patients.  miRNAs are also involved in the aberrant B cell expression and functions. Lupus B cells shows increased levels of miR-30a
 Psoriasis
 Psoriasis is a chronic inflammatory autoimmune skin disease. It is characterized by hyper proliferation of keratinocytes and dysregulated T cells, especially Th17 cells. Epigenetic regulations on immune cells also attributing to psoriasis pathogenesis. Aberrant DNA methylation pattern has also been revealed in CD4+ T cells from psoriatic patients, indicating  the role of epigenetic regulations.
 Rheumatoid Arthritis  (RA)
  RA is an autoreactive immune cell-mediated inflammation which primarily affects joints. Autoreactive immune cells and synovial fibroblasts play an important role in the pathogenesis of RA. Increasing evidence has shown that DNA methylation contributes to the pathogenesis of RA. Global DNA hypomethylation is also found in T cells from RA patients
 Systemic Sclerosis (SSc) 
 SSc is a relatively rare disease which is characterized by damages of connective tissues mediated by autoreactive immune cells. Its etiopathogenesis remains unclear. Abnormal epigenetic modifications have been shown in SSc. Dysregulated DNA methylation is indicated in Systemic Sclerosis.
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