
Chapter 10:

Bioinformatic approaches to ribonucleic acid (RNA)



Learning objectives

• describe the major categories of coding and 

noncoding RNA; 

• compare and contrast techniques for measuring 

steady-state RNA levels; and 

• compare and contrast the use of microarrays and 

RNA-seq for measuring mRNA levels. 
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DNA and RNA

In 1953 Crick and Watson 

discovered the double helical 

nature of DNA.

DNA: A, G, C, T

adenine, guanine, cytosine, 

thymidine

RNA: G, A, U, C

U = uracil

Crick further helped 

elucidate the nature of the 

genetic code, proposing the 

existence of tRNA. 



DNA and RNA

Crick (1958) wrote that the 
central dogma “states that 
once ‘information’ has passed 
into protein it cannot get out 
again. In more detail, the 
transfer of information from 
nucleic acid to nucleic acid, 
or from nucleic acid to 
protein may be possible, but 
transfer from protein to 
protein, or from protein to 
nucleic acid is impossible. 
Information means here the 
precise determination of 
sequence, either of bases in 
the nucleic acid or of amino 
acid residues in the protein.”



Nucleotide bases
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Noncoding RNA

• The main kinds of noncoding RNA are ribosomal 

RNA (rRNA) and transfer RNA (tRNA)

• XIST is an example of a well characterized 

noncoding RNA gene. It is located in the X 

inactivation center of the X chromosome and 

functions in X chromosome inactivation. While 

males have one copy of the X chromosome (with 

XY sex chromosomes), females have two copies 

of which one is inactivated in every diploid cell of 

mammalian and some other species. Xist is 

expressed from the inactive X and binds to its 

chromatin, facilitating chromosome inactivation.

• Rfam is a database of noncoding RNA families 

across the tree of life.



Rfam database

Rfam sequence space and numbers of families 



Rfam database

Rfam taxonomic groupings 



13 Rfam entries with the largest number of members 

No. full: number of members of the Rfam family

Id: average percent identity of the full alignments



Transfer RNA

Transfer RNA molecules carry a specific 

amino acid and match it to its corresponding 

codon on an mRNA during protein synthesis. 

tRNAs occur in 20 amino acid acceptor groups 

corresponding to the 20 amino acids specified in the 

genetic code. 

tRNA forms a structure consisting of about 70–90 

nucleotides folded into a characteristic cloverleaf. 

Key features of this structure include a D loop, an 

anti-codon loop which is responsible for 

recognizing messenger RNA codons, a T loop, 

and a 3’ end to which aminoacyl tRNA

synthetases attach the appropriate amino acid 

specific for each tRNA. 



Noncoding RNA families in the Rfam database 

assigned to human chromosome 21



Identification of tRNAs using the tRNAscan-SE server

Input 71 base pairs of DNA. tRNAscan-SE output includes 
anticodon counts and predicted secondary structure. 



Identification of tRNAs using the tRNAscan-SE server

tRNAscan-SE output includes 
predicted secondary 
structure with a classic 
cloverleaf pattern.



RNA structure prediction based on the minimum 

free energy of folding 

Minimum free energy prediction

A thermodynamic approach to tRNA prediction is 
implemented in programs such as the Vienna RNA package. 
https://www.tbi.univie.ac.at/RNA/

https://www.tbi.univie.ac.at/RNA/


RNA structure prediction based on the minimum 

free energy of folding 

Minimum free energy secondary structure



tRNA structure prediction based on the minimum 

free energy of folding 

Mountain plot

Minimum free energy is plotted based on entropy 
measurements (y-axis) versus sequence position (x-axis). 



Number of tRNA genes in selected organisms 



Ribosomal RNA

Ribosomal RNA molecules form structural and 

functional components of ribosomes, the 

subcellular units responsible for protein synthesis. 

rRNA constitutes approxi- mately 80–85% of the total 

RNA in a cell. 

rRNA derives from a multicopy ribosomal DNA 

(rDNA) gene family. In humans these families are 

localized to the p arms (i.e., short arms) of the five 

acrocentric chromosomes (13, 14, 15, 21, and 22).



Major forms of rRNA in bacteria and eukaryotes 

Note that the 16S (bacterial) and 18S (eukaryotic) small 
subunits are commonly used for phylogenetic analyses.



Structure of a eukaryotic ribosomal DNA repeat unit

See GenBank accession U67616. 
In humans, these rDNA arrays 
occur on acrocentric 
chromosome short arms.



Small nuclear RNA (snRNA) 

Small nuclear RNA (snRNA) is localized to the nucleus 

and consists of a family of RNAs that are responsible 

for functions such as RNA splicing (in which 

introns are removed from genomic DNA to 

generate mature mRNA transcripts) and the 

maintenance of telomeres (chromosome ends). 



Examples of human noncoding spliceosomal RNAs 



Small nucleolar RNA (snoRNA) resources 

In eukaryotes, ribosome biogenesis occurs in the nucleolus. 

This process is facilitated by small nucleolar RNAs 

(snoRNAs), a group of noncoding RNAs that process and 

modify rRNA and small nuclear spliceosomal RNAs. 



Viewing the genomic landscape of noncoding RNAs 
on human chromosome 21
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• by region (e.g. brain versus kidney)

• in development (e.g. fetal versus adult tissue)

• in dynamic response to environmental signals 

(e.g. immediate-early response genes)

• in disease states

• by gene activity

Gene expression is context-dependent,

and is regulated in several basic ways



RNA processing of eukaryotic genes 

transcription

RNA splicing

mRNA export

surveillance



HBA2 mRNA in the context 

of the corresponding genomic DNA 

The adjacent HBA1 and HBA2 genes on human chromosome 

11 are shown (8000 base pair window). We can consider a2 

globin mRNA as an example of a transcript.



HBA2 mRNA in the context 

of the corresponding genomic DNA 

MegaBLAST of HBA2 coding sequence (NM_000517.4) to 
genomic DNA (NT_010393.16, nucleotides 162,000–
164,000) reveals positions of exons and introns.



HBA2 mRNA in the context 

of the corresponding genomic DNA 

Exon 1 of HBA2 (including nucleotides encoding 

protein amino terminus).



Three techniques for the study of mRNA:

• complementary DNA (cDNA) libraries

• microarrays (e.g. using the Affymetrix platform)

• RNA-seq

Low- and high-throughput technologies to study mRNAs 

Low throughput techniques (Northern blots, PCR) may 

seem laborious and able to provide only limited amounts 

of information. 

Yet they also serve as trusted “gold standards” and provide 

crucial validation of high throughput techniques.



Gene expression measured with high-throughput technologies 

RNA-seq

DNA microarray

comparisons
cDNAcDNA

biological 

replicates

Condition A Condition B



Analysis of gene expression in cDNA libraries

• The sequencing of cDNA libraries allows the location 

and quantity of RNA transcripts to be measured. 

• cDNA inserts, called expressed sequence tags (ESTs), 

are sequenced. 

• The UniGene database partitions ESTs into 

nonredundant clusters that generally correspond to 

expressed genes.

• Each cluster has some number of sequences 

associated with it, from one (singletons) to ~50,000



Cluster sizes for human entries in UniGene

• About 64,000 clusters have just one EST (in build 236, Homo sapiens)

• Just one cluster has >32,000 ESTs (very highly expressed)



Ten largest cluster sizes in UniGene for human entries 

build 236, Homo sapiens



Ten largest cluster sizes in UniGene for nonhuman entries 

• Search query 11700:65536[sequence count] NOT txid9606[organism]

• These represent highly expressed transcripts
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Full-length cDNAs and expression patterns

• There are many resources to purchase (or study) 

full-length cDNAs (e.g. FANTOM, Mammalian Gene 

Collection)(accessed via NCBI Gene)

• The Genotype-Tissue Expression (GTEx) project 

catalogs tissue-specific gene expression across the 

human body. 

• BodyMap2 measures gene expression across 16 

tissues using RNA-seq

Measuring gene expression across the body
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Overview of the 

process of 

generating high-

throughput gene 

expression data 

using microarrays 

or RNA-seq
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Stage 1: Experimental design

Stage 2: RNA preparation 

Stage 3: Hybridization to DNA arrays 

[1] Be sure to use enough biological replicates (typically 

n≥3 per group). Consult a statistician if you’re unsure.

[2] RNA extraction, conversion, labeling, hybridization: 

evaluate and avoid systematic artifacts (avoid batch 

effects). Be sure to create an appropriately balanced, 

randomized experimental design.

[3] Microarrays typically consist of oligonucleotides 

(deposited by photolithography), and samples are cRNA

or cDNA with fluorescent tags.



Microarray 

experiment with 

radioactive probes

Year

Arrow indicates a 

transcript expressed at 

a lower level (in the 

bottom panel)

Technology using 
radioactive probes is 
now obsolete, but 
this figure illustrates 
the essential nature 
of differential gene 
expression in two 
samples.
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Stage 4: Microarray data analysis 

Hypothesis testing
How can arrays be compared? 
• Which RNA transcripts (genes) are regulated?
• Are differences authentic?
• What are the criteria for statistical significance?

Clustering
• Are there meaningful patterns in the data (e.g. groups)?

Classification
• Do RNA transcripts predict predefined groups, such as 
disease subtypes?



Stage 5: Biological confirmation

Microarray experiments can be thought of as

“hypothesis-generating” experiments.

The differential up- or down-regulation of specific RNA

transcripts can be measured using independent assays

such as

-- Northern blots

-- polymerase chain reaction (RT-PCR)

-- in situ hybridization



Stage 6: Microarray databases

There are two main repositories: Gene expression 

Omnibus (GEO) at NCBI and ArrayExpress at the 

European Bioinformatics Institute (EBI).

Minimum Information About a Microarray Experiment 

(MIAME) guidelines are followed to describe experiments:

►experimental design

►microarray design

►sample preparation

►hybridization procedures

►image analysis

►controls for normalization



Entrez provides access to GEO Profiles and Datasets



GEO profiles: how was my favorite RNA transcript 

expressed across thousands of experiments?



GEO profiles: example of a globin RNA transcript expressed at 

low levels in an experimental condition
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The relationship between DNA, mRNA, and protein levels 

Once mRNA levels are present at elevated or reduced 
levels, are the corresponding proteins differentially 
expressed in a similar manner? Perhaps surprisingly, 
there appears to be only a weak positive correlation 
between mRNA and protein levels. 

Several groups have reported described correlation 
coefficients that were relatively high when highly 
abundant proteins were considerd (e.g., r = 0.935, r = 
0.86 in two studies) but lower when highly abundant 
proteins were excluded (e.g., r = 0.36, r = 0.49, r = 0.21, 
r = 0.18). 

Weak correlations could be due to RNA structural 
effects, regulatory noncoding RNAs, codon bias, variable 
protein half-lives, and experimental error. 



The pervasive nature of transcription 

Strong evidence for pervasive transcription comes from 
the ENCODE project (ENCODE Consortium, 2007; 
Djebali et al., 2012). Transcriptional activity was 
measured using a series of technologies.

Conclusions include the following: 
• 62.1% and 74.7% of the human genome is spanned by 

processed or primary transcripts, respectively; 
• genes express 10–12 isoforms per cell line; 
• coding RNA transcripts tend to be cytosolic, while 

noncoding transcripts are localized to the nucleus;
• ∼6% of annotated coding and noncoding transcripts 

overlap small noncoding RNAs. 

Much of the genome is transcribed. Some of this transcription 
is certain to be biologically relevant, while in other cases it is 
likely to represent biological “noise” associated with low levels 
of transcription. 



eQTLs: expression quantitative trait loci

mRNA expression is a quantitiative trait that can be 
described for a given cell type and physiological state in an 
organism. Furthermore, variants in genomic DNA may 
impact mRNA expression. Expression quantitative trait 
loci (eQTLs) are genomic loci that control expression 
levels. 

Two main types of control regions have been found: 
(1) cis-eQTLs are genomic loci that influence the 
expression of transcripts expressed from neighboring 
genes within some distance (such as 1 Mb or less), 
and may undergo allele-specific expression; and (2) Trans-
eQTLs act on transcripts expressed from genes that are 
farther away or on another chromosome. eQTLs
could affect transcription directly or indirectly, for example 
by altering the sequence of a transcription factor 
binding site that controls a gene’s expression proximally 
or distally. 



Expression quantitative trait loci (eQTLs) 
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Perspective

Genes in all organisms are expressed in a variety of 

developmental, environmental, or physiological 

conditions. The field of functional genomics includes 

the high-throughput study of gene expression. 

Before the arrival of this new approach, the expression 

of one gene at a time was typically studied. Functional 

genomics may reveal the transcriptional program of 

entire genomes, allowing a global view of cellular 

function. 


