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Statistical application for DNA microarray data analysis

Bellina Teixeira, Joel Arrais, José Luis Oliveira

Resumo - Os microarrays de ADN  (&cido
desoxirribonucleico) sdo usados para analisar a ergssdo de
milhares de genes numa amostra ao mesmo tempo. Esta
experiéncias geram muita informagdo que é preciso
armazenar e processar com recurso a meios informabs.

Mind (Microarray Information Database) é uma aplicagdo
web desenvolvida no grupo de bioinformatica da
Universidade de Aveiro que aborda o armazenamento e
processamento de dados dricroarrays.

Neste artigo descreve-se o desenvolvimento de um dutp
de andlise de dados de experiéncias dacroarrays de ADN
para o Mind. Apresentam-se procedimentos e ferrameas de
andlise de dados, nomeadamente métodos estatistjcos
descrevem-se aspectos proprios do desenvolvimentoo d
madulo e o resultado final é exposto.

Abstract — DNA (deoxyribonucleic acid) microarrays are
used to analyze the expression of thousands of geneithin a
sample at the same time. These experiments generatdot of
information that is necessary to be stored and prassed with
the aid of computerized means.

Mind (Microarray Information Database) is a web
application developed at the bioinformatics group b the
University of Aveiro that addresses the storage and
processing of microarray data.

In this article the development of a DNA microarray data
analysis module for Mind is described. Some methodand
tools for microarray data analysis are presented, amely
statistical methods, some aspect of the module désement
are described and the final result is exposed.

|. INTRODUCTION

DNA microarrays are a valuable tool in gene expoess
assessment as they can probe, at the same timéhefor
expression levels of thousands of genes withinrapsa
They have been used a lot to assess differentmkesion
between two or more conditions under study. A tghic
example is drug testing: a sample of cells of aganism

Mind (Microarray Information Database) is a web
application project developed at the UniversityAafeiro
to address storage and processing of microarray[dhtlt
contains a LIMS (Laboratory Information Management
System) for storage and a Data Analysis module for
processing.

This project aims to integrate gene regulation sssent
functionalities into Mind, in addition to the quglicontrol
functions it contained previously, to allow useyperform
complete gene differential expression analysis iwith
Mind, using their experimental data stored in théendM
LIMS as a starting point.

Also developed by the University of Aveiro
bioinformatics group, GeneBrowser is a web applicat
that, using a list of genes as input, is able gisashe user
in their functional analysis [2]. As the new Dataalysis
module generates lists of regulated genes, by girnyia
link to open these in GeneBrowser, in constitutedlfias a
bridge between both web applications.

II. A DNA MICROARRAY EXPERIMENT

DNA microarrays measure mRNA present in the sample
cells to infer about gene expression. The moreesgad a
gene is in a cell, at a given time, the more mMRNA
molecules are transcript of it for protein syntkesn this
technology, the mRNA is extracted from sample ctlls
infer about the expression of their genes, as thessk to
their ultimate phenotype.

A microarray slide itself consists usually of a
microscope-like glass slide with thousands of spots
arranged in a grid-like fashion. Each spot contamany
identical DNA sequences relative to a gene. A stida
contain spot replicates, meaning several spots dhat
relative to the same gene.

Microarray technology relies on hybridization beétme
the mRNA of the samples and the DNA probes thaewer
spotted or printed onto the slide, to measure gene
expression in that sample. On a microarray slide,

treated with a medication can be compared with anhybridization occurs between the mRNA and DNA
untreated sample to see what genes have differensequences, which are complementary. On two-colayar

expression between both. Ideally, a drug shoulgetathe
genes that cause the disease, while not interfermghe
other ones. To learn about what genes are relatea t
disease, DNA can be used to compare a healthy avith
diseased sample: the genes that are differengajyessed
between both are likely to be due to the disease.

(Mind currently supports only two-color microarrqy/o
MRNA samples are labeled with different fluoresahyds,
usually green and red cyanines, and are applied ave
same slide to hybridize. Then, the microarray ansed as
the light excites the fluorescent cyanines. Spotsvhich
mostly the red sample has bound will glow red, sgot
which mostly the green sample has bound will reweal



196

ELECTRONICA ETELECOMUNICAGOES VOL. 5,Ne 2, JuNHO 2010

green color, and spots with equal amounts of both w packages can be downloaded and installed into ¢t as

show a yellow color. Color intensities also varyonf
bright colored (red, green or yellow) to black, degding

libraries specific for the analysis of microarragtal Many
bioinformatics related R libraries are released eunithe

on how much mRNA bound — genes are not only Bioconductor project. Of the R libraries used imili that

expressed or not, but rather more or less expreSdss
pictures obtained are converted to a tab delintigetHile

by a microarray image processing program. The fiéxt
contains as many rows as the spots of the micrypatide,
and indicates, for each spot, the measured redgeseh
foreground and background intensities (Figure he Taw
data files, along with the array layout descriptifile,

which indicates the name of the gene each spotsréde
are the starting material for microarray data asialy

- =

Indexs Gmean Rmean bgGmean bgRmean ...
1 65264 65226 508 393
2 681 600 514 391
3 521 406 461 342
4 540 417 468 348

Figure 1 — From microarray image to raw data file

[ll. RLIBRARIES FOR MICROARRAY DATA ANALYSIS

The first step of microarray data analysis is duali
control, which involves procedures to remove unwdnt
systematic biases from the data. DNA microarraya th
analyze gene expression can be used to compare ge

expression values between two or more samplesleata
about gene functions, how the work together andemaw

quality control may be followed by gene regulation
assessment analysis or by exploratory analysis. Th
objective of this project is the former — to addnge

regulation analysis functions to Mind.

Both quality control and gene regulation assessmen

involve complex algorithms, which is why R librasieere

used for the development of Mind. R is a statistica

framework that allows data processing, generatfquais
and more [3]. It has its own windows environmenit@an
be run from the operating system’s command linebdth
cases data processing and plot generation is dahehe
R scripting language. This makes R ideal to exesatipts
from an application, which is what is done in Mirttie

website site provides a GUI to the user, and usiisg

input, processes the microarray data with R.

This software is open source and it can be doweldad
from the Comprehensive R Archive Network website

(CRAN). R base functions are the ones that comb thi¢

downloaded software and include arithmetic openatio

plots, statistical methods and more. Additionatdiles or

e

t

will now be introduced, Limma, Multtest and Maanara
part of the Bioconductor project, while Samr is.not

A. Limma library functions for quality control

The R library Limma, includes several functions to
perform quality control on two-color array data.[4or
background correction, it offers the options: half,
minimum, subtraction, norm exp, edwards and moving
minimum. The experiment raw data files include, éach
channel (red and green), a foreground and a bagkdro
intensity. The background intensity measured is thue
several factors such as such as natural refleafothe
glass or optical noise from the scanner. The miosple
and intuitive method is background subtraction, olhi
subtracts the measured background intensities & th
foreground intensities. However, this method maadl¢o
negative spot intensities when the background gheri
than the foreground, thus making it impossibleatzalate
the M-values for these spots. In two-color arrds/alues
are the expression values for each spot,

M lue=1 R
—value=log, G | = log,(R) — log,(G)

where R is the spot’s red intensity and G the spgtéen
intensity. There are no logarithms of negative gajuso
M-values cannot be calculated if one of the intéesiis
negative. The half and minimum methods are sindldhe
subtractions methods, but handle specially speatisabuld
otherwise lead to negative or zero intensities. Tbem

ne

exp and edwards methods, more complex, take other
factors into account.

Limma provides several options fonormalization:
median, robust spline, loess and print-tip loedse ™ain
idea behind normalization is to approximate the dllzes
to zero. In an experiment, most genes must nobhad
differently expressed between the conditions urstiedy.

In a microarray slide, most spots should have tleglrand
green intensities similar to each other, thus Msgalclose
to zero. If spots in a slide are found to, for eptanhave
expression values consistently lower or higher,s¢he
should be adjusted with normalization. Other faxtoan
be taken into account, depending on the normatimati
method. These methods are explained further iitnena
User's Guide and Help manual. The result will be
M-values that show most spots of a slide are nguleted
— more spot M-values are closer to M = 0. Norméilira
affects the red and green intensities that leadth®
M-values.

In Mind, quality control is performed on the dating R
and Limma, with the parameters inputted by the .user
Limma also generates different types of plots, aatzed
by user input (spot types information, filteringtiops and
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choice of plots to generate). Mind uses these gcapio
elaborate the quality control reports. For eachdata file,
one normalized data file and one quality contrglore is
produced.

Once the data is normalized, gene regulation asszgs
can begin. Unwanted unsystematic biases were nzathi
so the biological variability and the truly regadtgenes
will stand out more clearly.

B. R libraries for gene regulation analysis

Gene regulation assessment should begin avidraging
spot replicatesin an array. Spots that refer to the same
gene should have the average of their expressiareva
taken. Otherwise, each spot will be treated ass#ndt
gene, even if they refer to the same one. In fsiotply
taking the average may not be the best methodubeda
does not take into account variability among spot
replicates, but at the moment it is the most comynosed
method.

After spot replicate averagingfiltering may be
performed, optionally. An intensity filter sele@snes that
show a minimum intensity value, on one or both cieds)
throughout a minimum number of arrays. A standard
deviation filter selects genes based on a minimiamdsrd
deviation value throughout all the arrays. Filtgrshould
not select too many or too litle genes. On theugrof
genes that pass filtering, a statistical methapidied.

There are many statistical methods for gene reigulat
assessment, but a small selection is used on tke va
majority of analysis done. As only a few methodsldde
chosen to implement in Mind at this time, a choafe
commonly used methods was believed to be done:
fold-change, t-test, ANOVA, Limma and SAM.

The fold-change method, when applied to a single array,
compares the base two logarithms of the intensitfete
control sample with the base two logarithms of the
intensities of the experiment sample. In case oftipie
arrays, the average of the log experiment interssitire
compared with the average of the log control inters
Genes that show a big difference between both are
regulated. Figure 2 shows the fold-change method

selecting genes wit|‘|og2 (E)-log, (C)| >2

The t-test calculates a t-statistic and corresponding
p-value for each gene, based on its experimentanttol
log intensities. If the t-statistics are calculateidh the
logged control and experiment intensities, the lagd
genes are the same ones brought up by the foldgehan
method applied to multiple arrays, minus the orfest t
have higher p-values (Figure 3). However, in twisco
array data, each spot’'s expression is more ofteangby

its M-value. Each gene, that has spot replicates, dn
M-value equal to the average of the spots’ M-val@esin
this case the t-test divides the array by the empmat and
control groups and calculates a t-statistic forhegene
based on the M-values it shows on each array (Eigur
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iment))

ntrol))| > 2

Iog2(Control)

= Upregulated (83)
° Downregulated (16)
T

16

T T
14

log2(Experiment)

Figure 2 — Fold-change method illustrated with atsc plot

-log2{p-value)

pvalue ®af1

Upregulated (77)
Downregulated (14)
T T

] 8

-2 4
mean(log2{Experiment)}-mean(log2(Contral))
Figure 3- t-test illustrated with a volcano plestatistics calculated based

on logged control and experiment intensities

-log2{p-value)

pvalue 0.01
:

Upregulated (249)
Downregulated (18
T

3)
T
15

10
mean(Experimenthvalues)-mean(ControlMvalues)

Figure 4 — t-test illustrated with a volcano plestatistics calculated
based on gene M-values in each array
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The t-test is commonly used in its pair variant wieach
sample of the experiment group is related to a sanmmp
the control group, for example, when studying augrof
patients before and after being treated with a oatidin,
the gene expression values of the control sampl@aired
with the values of the experiment sample.

The R library _Multtest [5] calculates t-statistide
perform paired or unpaired t-tests. For unpairedsts,
these can be performed assuming equal variancestor
(Welch t-test). It also contains several multiptenparison
procedures. When using the t-test to assess differe
assessment, one t-test is performed for each gene,
compare its expression in the two groups. Thousafids
hypothesis tests are done for one experiment @tigig
what is known in statistics as the multiple comgami
issue. The Multtest is a library designed espaciéir
microarray data analysis, and as so also includdsphe
comparison correction procedures.

Just like the t-test is a classic statistical tést
comparison of two groupsANOVA or F-test is the
counterpart for multiple group comparison. Thesstste
have been found very useful for microarray datdysig
as long as the multi comparison issue is takenantmunt
and correction procedures are applied to the raalpes.

Both libraries Multtest and __Maanova [6] offer
functionalities to add the ANOVA test to Mind, inding
calculation of the F-statistics, the p-values amotpdures
to adjust the p-values (although the proceduresredf by
these libraries are different). As both librariese a
appropriate for the functionality that was desitecadd to
Mind, Maaanova was selected.

Limma, although it is an R library, it is commonly
referred to as being a methodology for gene reigulat
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can finally obtain a list of regulated genes. TilEscannot
however be considered without the opinion of therus
First a statistical method does not say for suratwgenes

are regulated and which ones are not: they jusgmass
confidence value for declaring each gene as regilat
Second, a statistical method may output a listegltated
genes even when the input does not makes sense. For
example, it was tried to apply the ANOVA to three
biologically identical groups, which should not sho
significant differences among them, and the metkidltl
selected 15 of 6,342 genes, each one having at a
confidence of 99% or more (raw p-values lower tBd1).

The M-values for these genes for three groups emged
being all in the [-0,5; 0.5] range. Regardletshe test,

the user should always have an intuitive look at dlata
involved and consider the biological conditions end
study before obtaining a conclusion.

The quality control and gene regulation assessment
methods described are common in many data analysis
software, and recommended by the Mind users, sp the
constitute a selection of popularly used methods tih be
offered in Mind.

IV. APPLICATION DEVELOPMENT AND OVERVIEW

The Mind web application is a Microsoft Visual Siwd
2008 ASP .NET and C# web site project and the Miaiz
base a Microsoft SQL 2008 database (initially depetl
with the 2005 tools). Mind contains several modules
among them LIMS and Data Analysis, and the entieb w
application uses the database (Figure 5).

This projects works on the Data Analysis modulejciwh
in addition to using the database, requires sonserkts.

assessment, as one can say “perform gene expressiohhe R scripts are part of the development, andaioriR

analysis using Limma”. Limma’s approach involveings

code to perform quality control and gene regulation

a design matrix to model the systematic part of the assessment, using the user’s input. The R scripts f

experimental
empirical Bayes moderated t-statistics [7]. Aftke tuser
defines the targets information of the data whiebadibes,
for each array, what mRNA sample was hybridizedaoch
channel, Limma can compare the groups using the MRN
sample names and provide a top list of requlategge

SAM is also a favorite method for gene differential
expression analysis and it was selected to be aduled
Mind in the two-class, two-class paired and muliss
variants, using the library Samr [8]. After defigirthe

groups, the user can specify a delta value to tselec

regulated genes.

Of these methods, the fold-change is the only baé is
not truly statistical, because it does not takeabslity of
gene expression values across arrays into accouhita

can be performed even when there is only one array.

However, they can and are usually all referred o a
“statistical methods” for practical reasons (“gene
regulation assessment methods” is a nhame a bitotogp
for a menu item). After applying a statistical nathone

data and two group comparison with quality control were already created as of the &gy of

this project, to apply the Limma quality controhfitions
to the data, and were found satisfactory by thedMigers.
Additional scripts were written for spot replicate
averaging, filtering and the statistical tests.

=

R scripts II

Web Application (ASP .NET / C#)

L=

Data

Public
Analysis Repository

;
[

R.exe

-

libraries:
multtest
limma

samr

Database

Figure 5 — Mind architecture diagram
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The new Mind Data Analysis module proposed and
implemented contains three sub-modules: Data Set
Quality Control and Gene Regulation (Figure 6).

(Al UMS Data Analysis Tools Public repository

Data Analysis

Data Set

ipagieeta.pt Ty

Current Data Set My Data Sets New Data Set

Data Set Name My New Data Set
Quality control

Gene Regulation
My Heat Shock Experiment

Data Set Items

Normalized File QC Report

Set/Edit

Targets file informatien has not yet been defined for this data set.

Figure 6 — Application Data Analysis module ovewie

In the Data Set sub-module, data sets can be dreatt

managed. In microarray data analysis, a data set is

commonly a selection of files on which quality cmht
and/or gene regulation assessment analysis is rpextb
In Mind, it is not only a selection of data, bus@lan entity
to which all analysis data and reports are asstiab.
Data sets can be created, viewed and deleted hystren
the Data Set sub-module.

Using the data analysis module requires the useate
his experiment stored in the Mind LIMS. If the ubais no
experiments saved, he will have to upload one eédMind
LIMS in order to create a data set necessary fda da
analysis. A data set is relative to an experimemi a
multiple data sets can be created based on oneigue.
Each data set contains a selection of raw dats difehat
experiment. A data set can be defined as the Guirata
Set, either upon creation, either choosing from ligteof
created data sets.

In the Quality Control sub-module, the user perferm
quality control on the Current Data Set. He caringethe
spot types (information about the colors to usethia
Limma plots), the filtering, the background corient the
normalization and the plot generation options, ercan
retrieve previously saved settings (Figure 7).

After the parameters are defined, quality contsaluin, in
the background and all measurements in parallealiQu
control handles each raw data file individuallyerdfore
they can be normalized in parallel. Enabling patall
processing allows big gains relatively to perforire t
processing sequentially, and these gains are isedeaith
the hardware characteristics of the server computer
namely the number of processing cores. Besidesgbein
parallel, processing is done in the background wWithaid
of AJAX, which is now embedded into the Visual Stud
2008 IDE. The Quality Control sub-module GUI cotssis
of a panel with five tabs to define all the paraengtor a
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list of saved parameters to select one. Each tinadity

control is run with defined parameters, these casdved

so they are available for future analyses. Oncditgua
control processing is done, the user is notifiedt tthe
normalized data and report files are available uritie
Current Data Set. The user can view them, re-rualityu
control if necessary, and finally proceed to gesgutation
assessment.

@ Define QC settings
£ Use saved QC settings

Spot Types | Filtering | Background correction | Normalization | Flots

Please choose one of the defaults for the spot types file, or define or upload a custom one:
oOne of the spot types must be "gene", otherwise the gene-only data will not figure in
L ]
the plots.
 Default 1
© Default 2
© Define
€ Upload

Spot Type Name

gene all

Control 1 all

Control 2 all

Control 3 all

Control 4 all

Control 5 all

Control 6 all mistyrose

Control 7 all Turquoise

Yellow

Control 8 all

Control 9@ all

Control 10 all

oK

Figure 7 - Quality Control: define parameters

The gene-regulation sub-module starts by loadirg th
normalized data files, of the Current Data Set, by
averaging spot replicates or not. In a microarrigees
several spots can refer to the same gene, so splatate
averaging, which averages the spot expression walue
according to the gene name (indicated by the expa’s
array layout file stored in the LIMS).

Next, optionally, follows filtering to select a g of
genes to run the statistical test on.

On the selected genes (or on all the genes, iflt@oifg
was done) a statistical method is applied to oudpligt of
regulated genes. The choices are: fold-changestt-te
(paired or unpaired), Limma, SAM (two-class unpdjre
two-class paired and multi-class) and one-way ANOVA
The unpaired t-test can be done considering the ag
fold-change or the difference log fold-change. &iese
tests start by defining the groups, associating the
measurements or bioassays of the data set to eaap,g
except for Limma. Limma analyses the samples uslieg
targets information, the names of the mMRNA samples
associated to the red and green channels of eaakdaly.
The targets information is defined for the data asetit is
not only mandatory for Limma, but helpful for group
definition in the other tests. After the groups defined
(two groups for fold-change, t-test and SAM twossla
two paired groups for t-test paired and SAM twossla
paired and several groups for ANOVA and SAM
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multi-class), the parameters specific to the dtatistest
are defined and the test is run. Figure 8 showsrthat
insertion to perform the t-test, right after thegps have
been defined. When the test is complete, a plotsip
the number of the selected genes is shown, andigbe
can re-run the test with different parameters, wvene
choose a different test. Each time a test is pewdol; it
will be on the filtered data. Once an adequate remah
genes are declared regulated by a statistical ttestuser
can save the analysis, which will be available uritie
Current Data Set. For each gene regulation anatysis
the Current Data Set contains links to the datarapdrt
files, and a link to view the regulated genes inn&e
Browser (Figure 9).

Measurement File Name Cy3 (Green) Cy5 (Red) Control Group Experiment Group None

HS1 HS1.txt c he X
HS1_ds HS1_ds.bdt  hs c x
H52 HS2.txt c hs X
HS2_ds HS2_ds.txt hs c X
measurement HS3 HS3.txt c he X
measurment HS3 ds  HS3_ds.txt  hs c X

Variance assumptions:
& Assume equal variances

€ Unequal variances (Welch approximation)

Multiple testing correction method (data with unadjusted p-values will be presented too):
@ Bonferroni

< Holm

 Hochberg

CBH

Cey

Select genes with:

maximum p-value: |0.01
minimum difference fold change: |2.0

t-test

Figure 8 — Gene Regulation: insert t-test pararaeter
Data Set Items
Measurement (LIMS)
HS1

HS1 ds

Hs2

measurement HS3

measurment HS3 ds

Targets Information Set/Edit
Measurement Cy3 (Green) Cy5 (Red)
HS1 c hs
HS51_ds hs c
HS2 c hs
HS52_ds hs c
measurement HS3 c hs
measurment HS3 ds hs c
Analyses
Statistical Data Analysis Link to Gene
LEa Test File Report Browser Delete
limma1s Limma DataFile Report 15 genes
Ifc 4.25 FoldChange DataFile Report 6 genes

Figure 9 — Data Set: Current Data Set, with Quaitytrol and Gene
Regulation results

Only the last quality control data is saved, soheac
analysis report also registers the background ctore
and normalization methods used to obtain the ndzedl
data from the raw data files (spot types, filteramg plot
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choices do not affect the data). The saved gendatgn
analysis of a data set can be deleted by the usenwo
longer needed.

Several tables were added to the database to supeor
new data set entity created and the associatiogeot
regulation analysis and targets information todh&a set.
Allowing the user to save and retrieve quality coht
parameters also needs a new table, as does rawjstiee
user’s Current Data Set.

V. CONCLUSION

The proposed Data Analysis module was developed,
dedicated to two-array data processing, featurexesl
quality control functions, offered through the LimnR
library, and several statistical tests for geneulatipn
analysis offered through several R libraries.

The Data Analysis module developed allows the tizer
perform gene regulation assessment analysis, fnemaw
data files and array description layout file to ist lof
regulation genes. With this module, the user cafopa a
complete analysis, within the Mind application, lis
experimental data stored in the LIMS. Each analgsise
and saved contains a link that opens GeneBrowser in
new browser tab or window, loaded with the reguate
genes, so the user can perform subsequent funkttiona
analysis.
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