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Integrating multiple 
sources of cellular information 

Copy Number Changes, 
Loss of Heterozygosity 

Differential Gene Expression

Splice Variant Analysis

Somatic Mutations (Cancer) Changes in Methylation Patterns

Unraveling the complexities of biology requires the combination 
of genomic, epigenomic and functional analysis

Mitochondrial Mutations

• Genome-wide SNP 6.0
• Cytov2

• Exon 1.0
• Gene 1.0 
• 3’ IVT Expression

• Exon 1.0 
• Gene 1.0 
• Custom Splice Junctions

• Whole-genome Tiling Arrays
• Promoter Tiling Arrays

• Mitov2 Resequencing 

• Targeted Genotyping
• Targeted Sequencing
• Genome-wide SNP 6.0

Germline Mutations

• Genome-wide SNP 6.0
• Targeted Genotyping
• Targeted Sequencing

Micro RNA Analysis
• miRNA

Francesca Cordero




2

4Affymetrix Confidential

What does it mean 
to study gene expression today?

� Gene expression experiments have been designed within the 
limitations of available technology

� Traditional techniques involve serial single-gene analyses that 
can restrict our view of the true nature of transcriptional 
changes

� Rarely is a phenotype associated with transcriptional changes 
of a single gene

What transcriptional 
changes have occurred?

5Affymetrix Confidential

There is a variety of techniques 
available to study gene expression

Gene 
expression

Gel based methods, 
e.g. Northern blots, 
RT-PCR Fluorescent in 

situ hybridisation

Quantitative 
RT-PCR

Whole genome 
microarrays

Next-generation 
sequencing
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History of the microarray

More information on less space

1989:
1st prototype

1991:
Landmark 
publication

1996:
WG on 1 array
(~5.6k  genes)

2001:
WG on 2 
arrays (39k 
transcripts)

2008:
WG 96 array plate

2006:
Exon 1.0 ST 
array (1.4m 
exons)

2004:
WG on 1 array 
(47k transcripts)
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la specificità è influenzata dalle condizioni sperimentali

metodica basata su alta specificita’ di ibridazione

alta stringenza bassa stringenza

temperatura 

miscela di ibridazione

lunghezza del probe

HIGH stringent condition LOW stringent condition
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Specificità 

Ibridazione

20                      50    60   70   80                         300

Lunghezza probe

Agilent

Illumina

Affymetrix
home made

cDNA arrays

Probes fra i 50 e gli 80 mers danno le 
migliori specificita’ di ibridazione

Probes

Probe Length
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A closer look at Spotted microarrays
Some nomenclature

www.molgen.mpg.de

each spot
represents 
a gene or 
gene fragment

gene

RNA

“probe”

“target”

Introduction

562 nm

cy3

cy5

www.amersham.com

cy3 cy5

Differential dye incorporation
cy5 less well than cy3
Light sensitivity: cy5 more easily degraded

664 nm

510 nm

emission

emission

Introduction
cy3 and cy5: Commonly used dyes
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www.genetics.ucla.edu

Labeled cDNA preparation

RNA

Sample 2

Spotted MicroarrayTarget preparation

Reverse transcription
Flourescent dyes

Introduction

EGFP KD

Combined in 
equal amounts

Spotted microarray target preparation
Direct labeling

cy5cy3

cDNAcDNA

EGFP

Co-hybridized 
to array

yellow cy3=cy5
red cy5>cy3

green cy3>cy5

DNA

Direct Labeling (Spotted Arrays)

RNA

RT

Reverse transcription
RNA

Enzyme (Superscript RT)
Dye

Oligo d(T)
nucleotides

AAA
AAA
AAA AAA

AAA
AAA

EGFP KDEGFP 1
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Spotted microarrays

www.molgen.mpg.de

Signal is average of pixel 
intensities of spot

2 numbers per spot

Microarray Measurements

cy5

cy3

Signal: Spotted arrays

Information: 

Gene name
Oligo id
Cy3 intensity
Cy5 intensity

Image Analysis: Spotted arrays
What information do we see?

117.8919272.5676H200008289ADPRT

108.9855259.5362H200008289ADPRT

108.5797265.7391H200008289ADPRT

131.2286324.886H200008289ADPRT

115.6119296.5224H200014101PRKDC

117.8676306.8235H200014101PRKDC

129.5333340.933H200014101PRKDC

132348.522H200014101PRKDC

2351.6976242.5control1control1

2370.5756434.93control1control1

2068.515786.72control1control1

2371.1636642.5control1control1

Spot Mean 
Intensity (w685)

Spot Mean 
Intensity 
(w595)Clone IDName

Steps:
Normalize globally 

Calculate average of cy3 and cy5
Bring cy5 numbers to cy3 by multiplying by common factor

Ratios (take ratio of wt/KD…look for 2 fold cutoff)
Log2 (calculate log 2 of ratio to differentiate increase or decrease)
Reproducibility (how did the four replicates perform?)
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Spotted or Printed Array
scelta delle repliche 

tecniche (numero, tipo)
scelta del sistema biologico

• replicato biologico

• replicato tecnico

 confronto tra due trattamenti

T1

C1

T2

C2

Spesso esperimenti circolari in modo da acquisire più informazioni 

possibili per identificare con ragionevole sicurezza la presenza di geni 

differenzialmente espressi

spottedspotted
SPOTTED ARRAYS: DISEGNO SPERIMENTALEscelta delle repliche 

tecniche (numero, tipo)
scelta del sistema biologico

• replicato biologico

• replicato tecnico

 confronto tra due trattamenti

T1

C1

T2

C2

Spesso esperimenti circolari in modo da acquisire più informazioni 

possibili per identificare con ragionevole sicurezza la presenza di geni 

differenzialmente espressi

spottedspotted
SPOTTED ARRAYS: DISEGNO SPERIMENTALE

Biological and technical 
replicates are essential
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GENECHIPS ARRAYS

Probe density: 500000 till 10^6
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GeneChip® Probe Arrays

Image of hybridized 
probe array

>6.5 million different
complementary probes

GeneChip Probe Array

Hundreds of thousands of 
copies of 

a specific oligonucleotide probe 
5 µm features

1.28cm
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Microarray Manufacturing
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What is a gene expression
microarray?
� Powerful tool to simultaneously 

measure the expression of 
thousands of genes from a single 
sample

� Contains thousands of copies of 
individual oligonucleotide probes

� Each probe is complimentary to a 
target RNA sequence

� Array applications in research
� Gene discovery
� Biomarker/ gene signatures 
� Global expression changes
� Profiling a large number of genes 

that are time and cost prohibitive 
by alternative methods

� Genotyping

Total RNA

*
*
* **

*
*
*
***
*Labeled 

RNA/ cDNA

Compare signal values

* ** *
**

* ** *
*

* * *
**
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The array assay prepares 
sample for hybridization

RNA
Extraction

cDNA
synthesis
Reverse 
transcription

•Stabilises 
sample

•Provides 
template for 
amplification

Amplification
In vitro 
transcription

•Makes enough 
RNA to hybridise 
onto array

Fragmentation
Endonuclease
reaction

•Digest target 
sequences into 
smaller pieces for 
effective 
hybridisation 
kinetics

Labeling

•Attaches 
fluoresent
dye to target 
sequences for 
detection

Key step

11Affymetrix Confidential

GeneChips detect transcripts using 
multiple features: The probe set

� The power of the probe set
� Each transcript detected by multiple independent 25mer probes
� Provides an inherent set of replicate data points
� Generates high sensitivity without loss of specificity

� Probe set is unique to Affymetrix 
� High densities achievable through photolithographic 

manufacturing process 
� Features belonging to a probe set are distributed around the 

array

� 25mer oligos are highly specific
� Differentiate between sequences with 90% identity
� Highly homogeneous and controlled hybridisation events 

12Affymetrix Confidential

Traditional arrays measure 
expression at the 3’ end of the gene

Affymetrix 3’ IVT array

TTTTTRT 3’ biased assay

� Traditional arrays have probe sets targeted at 
3’ end of the gene

� Accompanied by an assay that is 3’biased
� Provide some insight into global gene 

expression, but assumes:
� All transcripts have clear, defined 3’ ends
� All transcripts have a poly-A tail
� Entire length of a gene is expressed as a single unit

Other 3’ IVT arrays
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PM

MM

cell
Probe pair

Gene

sequence

ACCAGATCTGTAGTCCATGCGATGC

ACCAGATCTGTAATCCATGCGATGC

PM

MM

Probe set (Affymetrix)Probe set (Affymetrix)

Genechip Array
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The basics of the RNA amplification are: 

• Hybridization of a oligo-dT oligonucleotide to the polyA component of the total 
RNA. The oligonucleotide also has the sequence for a viral T7 RNA polymerase 
promoter. 

• Extend the cDNA, then synthesize a second strand to generate double stranded 
cDNA. 

• Add T7 RNA polymerase and nucleotides to linearly amplify the RNA. The 
nascent aRNA incorporates biotin-modified dUTP. 

• Hybridize the biotin-modified aRNA to the BeadChip. 

• Stain the BeadChip with Cyanine 3 derivatized to streptavidin. 

• Scan on a high resolution Illumina BeadStation scanner. 
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The two designs represented below are best answered by a 
common reference design. 


Case 1:  
Use of meaningful biological control (Ctl). 
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Use of universal reference (Ref). 
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With more than three sources of mRNA, the situa-
tion becomes more complex. The so-called reference
designs are analogous to designs I and II, and compare
each of the three or more sources of mRNA to a fixed
reference source. The analogue of design III — which
we call the ‘all-pairs design’ — is unlikely to be feasible
or desirable for a large number of comparisons
because of the amount of mRNA that would be
required. For example, with six sources of mRNA,
there are 15 pairwise comparisons that require five
units of each target mRNA, for seven there are 21 that
require six units, and so on. Alternative classes of
designs that involve far fewer slides include the LOOP

DESIGNS of Kerr and Churchill15, in which the graph is a
single loop that connects successive pairs of vertices.
However, the larger loop designs necessarily have long
paths between some pairs of vertices, and conse-
quently, some comparisons are much less precise than
others. Therefore, instead of regarding the problem of
choosing a design as a competition between classes of
designs (such as reference, loop and all-pairs), a more
productive approach is to ask which comparisons are
of greatest interest and which are of lesser interest, and
to seek a design that gives higher precision to the for-
mer and lower precision to the latter. We illustrate
these issues with a discussion of short time-course
experiments below.

Time-course experiments. In time-course experiments,
the design choices depend on the comparisons of inter-
est. Scientific constraints definitely matter, along with
physical ones (for example, if the number of hybridiza-
tions is restricted), and the best design can crucially
depend on the number of time points. TABLE 2 shows a
range of design choices. Design II in TABLE 2 involves
hybridizations between consecutive time points,
whereas design I uses T1 (where T is treatment) as a
common reference. When the main focus of the experi-
ment is on the relative changes between T2, T3, T4 and
the initial time point T1, design I is the better choice.
However, if more subtle variations from one time point
to another are of greater interest, then design II will be
preferable. This is an illustration of how the compar-
isons of greatest interest determine the best design.

The choice becomes less obvious when four
hybridizations can be done. Design III illustrates a com-
mon reference approach, whereas design IV is similar to
using T1 as a common reference, with one extra direct
hybridization between T2 and T3. Design V is an exam-
ple of a loop design and design VI offers a mixture of
direct and indirect comparisons that lead to some com-
parisons being more precise than others. TABLE 2 also
shows the precision that is associated with each pairwise
comparison. The choice between designs V and VI
clearly depends on the comparisons of interest, as the
average variance of comparisons is the same. For exam-
ple, design V is preferable if comparisons between con-
secutive times are of more interest than those that are
two time units apart.

At present, most microarray experiments3,4 use refer-
ence designs, as they have the advantage of easy analysis

an example of variance calculation). Although not diffi-
cult, these are beyond the scope of this review.Again, our
examples focus on the question of identifying differen-
tially expressed genes in various experiments.

Comparisons among sources of mRNA. We begin by
considering an experiment in which three mRNAs
from three sources are compared, and we suppose that
all pairwise comparisons are of equal interest. This
type of experiment could arise, for example, when
investigating the differences in expression between
three different regions (A, B and C) of the brain (FIG. 2).
The scientific aim of this experiment is, therefore, to
identify genes that are differentially expressed in these
brain regions. The main interest is in identifying genes
with differential expression in (A–B), (B–C) or (A–C)
comparisons. TABLE 1 shows a few design choices, in
which R is a common reference source of mRNA. In
this table, we assume that the variance for log ratios
within a slide for a given gene is σ2. Each table entry is
the average variance that is associated with the three
pairwise comparisons of interest: log(A/B), log(B/C)
and log(A/C). Note that, because all pairwise compar-
isons are of equal interest, the main scientific con-
straint in the experimental design is that they can all be
estimated. Depending on the physical constraints, dif-
ferent design choices will be made. For example, if an
investigator has unlimited amounts of reference mate-
rial, but only one sample of RNA from each of A, B
and C, then design I is the only possible choice out of
the three presented in TABLE 1. However, if the investi-
gator has two samples of RNA from the A, B and C
regions, then both designs II and III are feasible (but
design II will use twice as many slides). However, direct
comparison (design III) will provide more precise
comparisons between the regions and will reduce the
number of slides that is required.

LOOP DESIGN

A design that involves mRNA
samples labelled 1, 2, 3,…,n,
hybridized together in pairs
(1,2), (2,3), …, (n − 1,n), (n,1).

Table 1 | Single-factor experiments

Design choices Number Units of material Average variance
of slides (number of samples)

Indirect designs

Design I 3 A = B = C = 1 2.00

Design II 6 A = B = C = 2 1.00

Direct design

Design III 3 A = B = C = 2 0.67

Variance of estimated effects for three different designs of single-factor experiments. σ 2 was set to 1
throughout.

A B

R
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A B

R
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22 2

A
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same equipment and protocols, and frequently at about
the same time, it is inevitable that replicate data will
share many features. Most of the differences listed below
concern the target mRNA samples.

Technical replicates between slides refers to replica-
tion in which the target mRNA is from the same pool,
that is, from the same extraction. We have observed that
there are characteristic, repeatable features of extrac-
tions and, therefore, conclude that technical replicates
generally involve a smaller degree of variation in mea-
surements than the biological replicates described
below. Consequently, they do not provide the indepen-
dence of data that gives the fullest benefits of averaging,
and shared systematic features of technical replicate
samples will remain even after averaging.

Biological replicates. The term ‘biological replicates’
usually refers to hybridizations that involve mRNA from
different extractions — for example, from different
samples of cells from a particular cell line or tissue. In
many cases, this is the most convenient form of genuine
replication. Provided the sample labelling is carried out
separately for mRNA from different extractions, this
approach will lead us as close to independent experi-
mental results as is feasible in this context. Therefore, we
strongly recommend biological replication as the prin-
cipal source of replicate slides.

The term can also mean that the target mRNA
comes from different individuals or different versions of
a cell line. This form of biological replication is different
in nature from the biological replication described
above, and typically involves a much greater degree of
variation in measurements. For example, experiments
with mice have to deal with the inevitability of the hor-
monal and immune systems of individual mice being in
different states or their tissues being in different states of
inflammation. Most of the variation might seem unnec-
essary, as it can make real expression differences harder
to discern, but from the perspective of the generalizabil-
ity of conclusions, for example, to an entire inbred
strain of mice, this might be the appropriate form of
replication for some experiments.

We should note that, even in this case, if a common
reference design is being used, logs of ratios in which the
numerators come from independent, biological repli-
cates, will still show some correlation because they share
some unique features (they share a batch of reference
mRNA as their denominator). This can be seen in FIG. 3,
which shows plots of log ratios log2(KO/WT) averaged
across replicate slides, against overall intensity log2√(KO ×
WT), similarly averaged. Each of the replicate slides
involves mRNA from a different experimental animal,
hybridized with the same reference mRNA5. The green
spots correspond to eight genes that are known to be dif-
ferentially expressed between the two mRNA sources
(knockout and wild-type liver tissue).As the sample size
(here, the number of mice) increases, the cloud of points
around the horizontal axis shrinks. This makes it easier to
distinguish real change and random variation about zero.
Note that, with n = 1 replicate, the cloud extends beyond
±1 on the log base 2 scale, that is, twofold in either direc-

Lack of replication greatly restricts our ability to
use formal statistical tests to decide whether a given
intensity log ratio is significantly different to zero. In
particular, replication is essential to estimate the vari-
ance of the log ratios across slides. Attempts to assess
the significance of log ratios using data from only a
single slide depend on unverifiable modelling
assumptions (see REF. 20 for further details) and, in
general, fail to take into account the most important
source of variation — between-slide variability. By
contrast, suitably defined, standard statistical meth-
ods, such as t-tests, are applicable to analysing data
from replicate slides, although some changes to these
methods need to be made20,21. When we replicate, we
usually have a random sample of different mRNA
from cell samples, and under these circumstances, we
can extrapolate from our sample to the population of
all such cell samples. In this sense, replication is inti-
mately connected with the statistical extrapolation
from sample to population.

Technical replicates. As explained above, and consistent
with statistical tradition8, replication is a highly desirable
feature of comparative microarray experiments. There
are several forms of replication, and we briefly review
them here. The differences lie in the degree to which the
data might be regarded as independent, and in the pop-
ulations that are represented by the experimental sam-
ples. Given that replicate hybridizations are almost
invariably carried out by the same person, using the

a
n = 1

2

1

0

–1

–2

–3

–4

8 9 10 11 12 13 14 8 10 12 1415

b
n = 2

A Average A

8 9 10 11 12 13 14 15 8 9 10 11 12 13 14 15
Average A Average A

c
n = 4

M

2

1

0

–1

–2

–3

–4
Av

er
ag

e 
M

2

1

0

–1

–2

–3

–4

Av
er

ag
e 

M

2

1

0

–1

–2

–3

–4

Av
er

ag
e 

M

d
n = 8

Figure 3 | Averaging replicates reduces variability. Plots of log ratios M =  log2(KO/WT),
averaged across replicate slides, against overall intensity A = log2√(KO × WT), which is similarly
averaged, are shown. The green spots correspond to eight genes that were known to be
differentially expressed between the two mRNA sources (knockout (KO) and wild-type (WT) liver).
The example shown here is based on data from the Apo AI experiment in REF. 5. The numbers of
replicate slides (n) shown are a | 1, b | 2, c | 4 and d | 8. 
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Plots of log ratios M=log2(KO/WT) 
averaged across replicate slides, 
against overall intensity 
A=log2√(KO × WT), similarly 
averaged. 


An experimenter will want to use 
biological replicates to obtain 
averages of independent data and 
to validate generalizations of con- 
clusions, and perhaps technical 
replicates to assist in reducing the 
variability. 
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Data Analysis

Pre-processing microarray data  
diagnostic, normalization 


Differential Gene Expression  
identification of up and down regulated genes 


Annotation and metadata 
 get the DE genes’ id, pathway invovlement, GO 


Distances, Prediction, and Cluster Analysis  
sample similarity calculation and visulization by heatmap 


Class prediction 
provide expression profile of type-known samples to computer, train it, and 

let computer to classify type-unknown samples 




What are the targets genes for my knock-out gene? 
Gene discovery, differential expression 


Is a specified group of genes (genes from a pathway) all up-regulated in a 
specified condition?  
Gene set enrichment analysis 


Can I use the expression profile of cancer patients to predict chemotherapy 
outcome?  
Class prediction, classification 


Pathways/network affected?  
Kegg, Biocarta 
Considering Pathway/network Topology 
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Quality Control metrics 
 
1. Average background


2. Scale factor

 
3. Number of genes called present


4. 3’ to 5’ ratios of actin and GAPDH 


5. Uses ordered probes in all probeset to detect possible RNA degradation. 




Normalization  

The main goal is to remove the systematic bias in the data as completely as possible, while 
preserving the variation in gene expression that occurs because of biologically relevant 
changes in transcription.  

A basic assumption of most normalization procedures is that the average gene expression 
level does not change in an experiment.  

Normalization is different in spotted/two-color compared with high-density-oligonucleotides 
(Affy) technology  

Data Analysis
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RMA methodology (Irizarry et al., 2003) performs:

– background correction, 

–normalization, 

–summarization in a modular way. 


RMA does not take in account unspecific probe hybridization in probe set background 
calculation.


GCRMA is a version of RMA with a background correction component that makes use of 
probe sequence information (Wu et al., 2004).


Data Analysis
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•Filtering affects the false discovery rate .


•Researcher is interested in keeping the number of tests/genes as low as possible while 
keeping the interesting genes in the selected subset.


•If the truly differentially expressed genes are overrepresented among those selected in the 
filtering step, the FDR associated with a certain threshold of the test statistic will be 
lowered due to the filtering.


Francesca Cordero


Francesca Cordero
Genes
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1.  Calculation of a statistic based on replicate array data for ranking genes according to their 
possibilities of differential expression  

2.  Selection of a cut-off value for rejecting the null- hypothesis that the gene is not 
differentially expressed  

• The sensitivity of statistical tests is affected by the number of available replicates.

• Replicates can be:


–Technical

–Biological


• Biological replicates better summarize the variability of samples belonging to a common 
group.


• The minimum number of replicates is an important issue!


Statistical Analysis
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1log2 =
Ctrl
Trtd

•The intensity change between experimental groups 
(i.e. control versus treated) are known as:

     Fold change. 
•Frequently an arbitrary threshold

is used to define a significant 
differential expression 

Intensity changes between experimental groups (i.e. control versus treated) are known as:


–Fold change. 

–Ranking genes based on fold change alone implicitly assigns equal variance to every 
gene.


•Fold change alone is not sufficient to indicate the significance of the expression changes, 
has to be supported by statistical information. 


•Statistical validation can be performed using parametric and non-parametric tests.

•Parametric tests:


–The populations under analysis are normally distributed. 
•Non parametric tests:


–There is no assumption on samples distribution. 
•Non parametric are less sensitive than parametric.


Statistical Analysis
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The limma package allows the construction of linear models and a simple version is 
implemented in oneChannelGUI.

In case of a C group versus a T group we can build the following model:


ijjiiij xy ebµ ++=
1) yij is the observed expression level for gene i in sample j (j=1, ...). 

2)  xj = 1 if T sample and 0 otherwise.

3) μi is the expression level of gene i in C samples

4) βi represents the effects of T on the expression level of gene i

5) ϵij represents random error for gene i and sample j, and is   assumed to be independent for 
each gene and sample, and normally distributed with mean 0 and variance σi2. 


In case of a C group versus a T group we evaluate the following hypotheses:


Ho 10 iiii bµbµ +=+
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Formula t-test generale:

Formula t-test in linear 
modelling:
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The method tries to decouple the mean–variance dependency 
by modeling the variance of the expression of a gene as a 

function of the mean expression of the gene

where

p

iii

se
t »

-+
=

µbµ )(

d0: background standard deviation, taking into account a set of 
genes those expression levels are similar to the gene of interest.

s02: confident factor, it defines the importance of standard 
deviation w.r.t. the sperimental standard deviation



Provide access to powerful statistical and graphical methods for the analysis of 
genomic data. 


o Facilitate the integration of biological metadata (GenBank, GO, LocusLink, PubMed) 
in the analysis of experimental data. 


o Allow the rapid development of extensible, interoperable, and scalable software. 


o Promote high-quality documentation and reproducible research. 


o Provide training in computational and statistical methods. 
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Bioconductor aims:


