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Central Dogma 
of  molecular biology 

Genome Transcriptome Proteome 



! Gene expression measured 
at mRNA/transcriptome level 

Central Dogma 
of  molecular biology 



Why studying gene 
expression at mRNA level ? 

!  Proteins dictate cell function 

!  mRNA expression tightly linked to our 
understanding of proteins 



(some) technologies for 
mRNA quantification 

!  Polymerase Chain Reaction 

!  Gene Expression microarrays 

!  RNA-sequencing 



Gene expression basic 
workflow 

Choose technology 
Design experiment 

Prepare samples 
Run experiment 

Quality control 
Pre-processing 

Find differentially 
expressed genes 

Functional analysis 
and interpretation: 

making sense of the 
data 



PCR 

!  Polymerase Chain Reaction 

!  Amplifies a fragment of  DNA. 

!  Amplification monitored  

at the end of  the PCR. 



PCR 



PCR 

one PCR cycle 



Real-time PCR 

!  Real-time quantitative PCR (qPCR) 

!  Amplification monitored during PCR: uses 
fluorescent dyes to track the amplification 
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Ct value 

Real-time PCR 
amplification curve 

Baseline 

Threshold 



Real-time PCR 

!  Ct = cycle threshold 

!  Ct levels inversely proportional to the amount of  
target nucleic acid in the sample 

! The lower the Ct, the more abundant the molecule 
is in that sample 



HT-PCR 

!  High-throughput real-time PCR 

!  qPCR in multi-well plates  

! hundreds of  fragments 

amplified at once 



Gene expression profiling 
!  Measurement of  activity of  thousands genes at 

once. 

!  Why?  

!  Provide key insights  

into cellular function. 



Microarrays 

!  Main application: Gene expression profiling 

!  “Ancestor” of  RNA-seq 

! So why talk about microarrays?? 



So why talk about 
microarrays? 

!  Known biases and pitfalls 

!  Straightforward analysis 

!  Moving away from research into clinical 
applications 

!  Understanding microarrays gene expression 
analysis will help you understand RNA-seq 
analysis 



Microarrays 
some info 

!  Started in the mid-90s 

 

!  Various platforms 

 

 

 

!  Based on hybridization of  RNA fragments to 
complementary probes 



Today’s project 
Platform? 

 Agilent – 8x60K slides  

 ! 8 arrays/samples per slide 

Organism? 

 Mus musculus 

How many samples? 

 16 samples 

What are the samples? 

 8 control samples and 8 Knock-down (E2f  gene) 
samples 

 



Today’s project 

What do we want to know? 

!   Is there a set of  genes changing among groups? 

!   Do these co-regulated genes have some common 
functions? 

!        Are some of  these genes part of  a pathway? 



Experimental design 

!  What do you need to take into account? 

 1. Replicates !! 



Replicates 
!  Distinguish between 

!  Biological replicates 

!  Technical replicates 

!  Biological replicate: 

!  different individual from the same experimental 
groups 

!  Technical replicate: 

!  same sample ran again 



Biological replicates 

“grey” group “black” group 

grey1 

grey2 

grey3 

black1 

black2 

black3 



Technical replicates 

grey1 black1 

“grey” group “black” group 

grey2 

grey3 

black2 

black3 



Replicates 

!  Biological replicates  

! Reduces influence of  individual variability 

! The more biological replicates, the more statistical 
power to detect differentially expressed genes 

!  Technical replicates 

! track technical variations 

! test differences in protocols 



Experimental design 

!  What do you need to take into account? 

 2. Distribute well samples on 
slides 



Slides 

Our example: 
 
Agilent 8x60K: 
•  8 arrays per slide 
•  Around 60,000 probes 
 
One sample per array. 
Eight samples per slide. 

Slide 

Array 



How to distribute samples? 
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How to distribute samples? 

K K 
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Spread samples 
!  To minimize the influence of  batch effect on the 

data 

!  Batch effect: technical source of  variation added to 
the sample 

!  Can be: 

!  Slides used 

!  Different days for running the experiment 

!  Different machine (even though same model) 

!  Etc. 



How to distribute samples? 

K K 

K K 

K K 

K K 

C C 

C C 

C C 

C C 

K=KO samples 
C=control samples 



RNA isolation and labeling 

Cell 
Labeled 

RNA 



Hybridization 



Scanning 



Extraction of  data 

!  Or “conversion of  the fluorescence data into 
numerical data” 

!  Agilent’s software that does this is called “Feature 
Extraction” 

!  It also provides some quality metrics 

! The analysis can then start 



Microarray analysis 

!  Uses the R programming language environment 

!  Bioconductor: open source software for analysis 
and comprehension of  high-throughput genomic 
data. 

!  “limma”: “Linear Models for Microarray Data” 

! Bioconductor package for micrarray analysis 



Microarray analysis 
Step 1: quality control 

!  Check if  distribution of  intensities is similar across 
samples 

! Boxplot 

KO Control 



Microarray analysis 
Step 1: quality control 

!  Check if  correlation between samples is good: 

! Scatter plots 



Microarray analysis 
Step 2: preprocessing 

!  Background correction 

 ! remove potential noise in the signal 

!  Normalization 

 ! makes samples comparable 



Microarray analysis 
Step 3: quality control  

of normalized data 

!  How do the samples seem to related from each 
other? 

!   Clustering  

     analysis /  

     dendrogram 
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Microarray analysis 
Step 4: differential expression 

analysis 



Differential expression 
analysis 

!  Identify groups of  genes whose expression levels 
change between KO and Control 

!  Looking for genes which are: 

!  Up-regulated: increased in expression 

!  Down-regulated: decreased in expression 



Log ratio 
comparison of  means 
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log2ratio (B versus A) = LR 

 
LR = log2(MeanB) – log2(MeanA)  



Fold change 

!  Transformation of  log2ratio 

!  More intuitive 

!  FC = 1.2 ! 20% increase in expression 

!  FC = -1.40 ! 40% decrease in expression 

Fold change (B versus A) = FC 
 

FC = sign(LR)*2|LR|) 



Statistics 

!  Null hypothesis H0:  

The gene under test has the same level of  expression 

among groups. 

!  Alternative hypothesis: 

The gene being tested has a level of  expression that 
differs among groups. 



Type I and II errors 

Decision 

Reject the null 
hypothesis 

(= change) 

Do not reject 
hypothesis 

(= no change) 

T
ru

th
 

Null hypothesis is 
true 

(=no change) 

False positive 
(Type I error) 

True negative 
(no error) 

Null hypothesis is 
false 

(=change) 

True positive 
(no error) 

False negative 
(Type II error) 



Significance level 

α

!  Probability of  rejecting the null hypothesis when is it 
true. 

!  Example: α of  0.05 indicates a 5% risk of  concluding 

that a difference exists when it is not true 

!  0.05 is standard but not compulsory 



P-value 

We will reject the null hypothesis if  the p-value 
obtained after testing is less than the 

significance threshold α 

!  P-value obtained for each comparison from a 
moderated t-test 



Multiple testing problem 

!  Given α = 0.05, if  we perform one t-test 
 

!  Probability of  getting a false positive:  

  α = 0.05 (5%) 

!  Probability of  NOT getting a false positive:  

  1- α = 0.95  



Multiple testing problem 

!  Given α = 0.05, if  we perform five t-tests 
 

!  Probability of  NOT getting a false positive:  

  (1- α)5 = 0.955 = 0.77 

!  Probability of  getting a false positive:  

  α = 1 – 0.955 = 0.23 



Multiple testing problem 

!  Given α = 0.05, if  we perform a hundred t-tests 
 

!  Probability of  NOT getting a false positive:  

  (1- α)100 = 0.95100 = 0.006 

!  Probability of  getting a false positive:  

  α = 1 – 0.95100 = 0.994 



Multiple testing problem 

!  When many tests are performed in parallel:  

The p-value provided from a single test inappropriate 
to present evidence for a set of changed genes 

! Need of a method to control false positives! 



Correcting for multiple 
testing 

!  False Discovery Rate (FDR): preferred 
approach for microarray analysis. 

!  FDR-controlling procedures are designed to 

control the expected proportion of  rejected 

null hypotheses 



FDR 
Interpretation 

!  FDR = corrected p-value 

!  Set of  genes for which FDR < 5%:  

! 5% of  the genes from the resulting list are 
expected to be false positives. 



Back to our example 

!  60,000 probes analyzed. 

!  α is set to 0.05 

!  We consider significant probes for which  

!  FDR < 0.05 

!  Absolute Fold-change > 1.5 

 



Our lists 

! We get : 

  

75 differentially expressed probes, from which: 

      43 are down-regulated 

      32 are up-regulated 



Representing differential 
expression 

Volcano plots 



Today’s project 

What do we want to know? 

 Is there a set of  genes changing among groups? 

!        Do these co-regulated genes have some common 
functions? 

!        Are some of  these genes part of  a pathway? 



E2f  transcription factor 

In Homo sapiens: 

“The E2F family plays a crucial role in the control of  
cell cycle and action of  tumor suppressor proteins 
and is also a target of  the transforming proteins of  
small DNA tumor viruses. “ 

 

! Does it have the same function in Mus 

musculus? 



Functional analysis: 
making sense of the data 



Gene Ontology 



Gene Ontology (GO) 

!  Controlled vocabulary of  terms for describing gene 
product characteristics 

!  3 structured ontologies: 

!  Molecular function 

!  Biological process 

!  Cellular component 



Ontologies 
!  Cellular component: 

!  Component of  a cell which is part of  a larger object.  

E.g. Ribosome. 

!  Molecular Function: 

!  Activities that occur at the molecular level.  

E.g. binding activities. 

!  Represents activities rather than entities. 

!  Biological process: 

!  Describes a series of  events accomplished by one or more 
organized assemblies of  molecular functions.  

E.g. Signal transduction. 



Functional analysis tools 

!  DAVID: web-based tool 

!  Gostats: R/Bioconductor-based package 

!  More tools: GoMiner, FatiGO, GSEA, etc. 



Functional analysis tools 

!  All tools adopt a common strategy: 

 

!  Map a large number of  genes to their associated 
biological annotation (e.g. GO terms) 

 

!  Statistically highlight the most over-represented / 
enriched biological annotation 



Let’s try DAVID 



(some of) DAVID 
functionalities 

!  Gene ID conversion 

!  Functional annotation: 

!  Gene Ontology 

!  Protein domain / family 

!  Pathways: BioCarta, KEGG pathway, Panther 
pathway, etc. 



DAVID 
input gene list 



DAVID 
input gene list 

Insert gene list 

Choose identifier 



DAVID 
results, pathway selection 



DAVID 
results, pathway selection 



DAVID 
Functional annotation chart 

 



DAVID 
Functional annotation table 

 



DAVID 
Functional annotation clustering 

 



DAVID 
Functional annotation cluster: adding FDR 

 



DAVID 
Functional annotation chart 

 



KEGG pathway: Cell Cycle 



Today’s project 

What do we want to know? 

 Is there a set of  genes changing among groups? 

          Do these genes have some common functions? 

          Are some of  these genes part of  a pathway? 

 As in Homo sapiens, E2f  plays a role in cell cycle 
in Mus musculus 



Microarrays versus RNA-seq 

Hybridization 

Detection limited to 
probes 

Only model organisms  
(or need of custom designed 

arrays) 

Sequence variation 
requires special arrays 

Direct sequencing 

Unbiased detection 

Any organism 

Detect sequence 
variants 

Microarrays RNA-seq 



RNA-seq additional 
advantages 

!  More sensitive for less abundant transcripts 

!  Better dynamic range in measuring transcript 
abundance 

!  Allele specific (SNP) expression 

!  Quantification of  transcript variants (isoforms) 

!  Discovery of  novel genes / isoforms: not limited to 
probes! 



Take home messages 

!  qPCR:  

!  Very reliable method for quantifying gene expression 

!  Used to validate results found with microarrays and 
RNA-seq 

!  Microarrays:  

!  Well established and well studied 

!  Moving to clinical research 

!  Not quite dead yet! 

!  RNA-seq: 

!  Increased sensitivity and specificity 

!  Detection of  rare and low abundant transcripts 

!  Etc. 



Links 
!  R project 

!  Bioconductor 

!  Gene Ontology consortium 

http://geneontology.org/ 

!  DAVID 

https://david.ncifcrf.gov/ 


