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    Chapter 13   
 Gene Expression Studies Using Microarrays 

             Camila     Guindalini      and     Renata     Pellegrino   

           Introduction 

 The sequencing of the human genome and other organisms has been accompanied 
by major methodological and scientifi c advances in biology and molecular genetics 
technologies. Currently, in the post-genomic era, it is expected that the data accu-
mulated for over 15 years of projects are fi nally translated into practical applica-
tions. This has generated a growing interest in the scientifi c community and a series 
of expectations about future applications of genetics in the understanding and diag-
nosis of complex diseases like cancer, diabetes, psychiatric and neurological disor-
ders in general. 

 Among the new emerged technologies, the development of microarrays or DNA 
chips should be highlighted. This technique allows the investigation of thousands of 
genes simultaneously and promises to revolutionize predictive medicine, diagnostic 
and pharmacology, by substantially increasing the analytical capacity of the molec-
ular processes. 

 Today, the availability of this new research method has allowed scientists to 
examine global gene expression that occurs in different cell types or a specifi c tis-
sue, when subjected or exposed to a certain pathological or experimental conditions. 
Moreover, it is also possible to examine structural variations in DNA sequence that 
may contribute to increased susceptibility to diseases, in a quick, economical and 
systematic approach. 

 Thus, the focus of studies on the pathophysiology of complex diseases tends 
in the short term, move from the characterization of individual processes and 
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mechanisms to the investigation of biological systems as a whole, integrating and 
 generating data that are more realistic and closer to the complexity of an organism. 
The basic concepts that underlie this technique, as well as the important points to 
consider in designing an experiment using microarrays, its advantages, prospects 
and future scientifi c directions will be discussed.  

    Gene Expression and Microarrays 

 The complete genome of a given organism is composed of thousands of genes. 
Genes are selected regions of the DNA molecules that serve as templates for synthe-
sizing RNA, in a process called transcription (Fig.  13.1 ). In turn, RNA is, in the 
majority of the cases, used to guide the synthesis of polypeptides, which subse-
quently form proteins either directly or by supporting the different stages of gene 
expression. The RNA molecules which specify a particular polypeptide are known 
as messenger RNA (mRNA). In this sense, mRNA may be seen as an intermediate 
product and proteins as the major functional end-points of the DNA template. This, 
on the other hand, is not the case for non-coding RNA genes, which are genes that 
encode a functional RNA molecule that is not translated into a protein and include: 
transfer RNA (tRNA), ribosomal RNA (rRNA), as well as, microRNAs and short 
interfering RNA (siRNAs), molecules recently described to play a crucial role in 
gene expression. However, not all genes are active in every cells all of the time. 
Some are expressed in specifi c cell types, at particular stages of development, or 
even in a precise period of the day. In genetics, gene expression is the most basic 
level at which genotype infl uences the phenotype.  

 With the advent of the microarray technology, today scientists have the possibil-
ity to analyze the expression of thousands of genes in parallel and use this informa-
tion to determine gene expression profi les. The analysis of all expressed genes in a 
target sample is also entitled transcriptome analysis and is increasing being con-
ducted using microarray based approach. In this specifi c type of experiment, the aim 

  Fig. 13.1    Schematic representation of mRNA transcription process       
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is to quantify the types and amounts of mRNA molecules present in a particular 
sample. The number of mRNA molecules derived from a given gene may be seen as 
an approximate estimate of the level of its expression. The idea is to identify varia-
tions in the level of gene expression that may occur as natural biological responses 
due to the presence of particular disease, or some other experimental or pathological 
condition, with the assumption that the mRNA levels will refl ect protein abundance 
and help explain the phenotype of interest. 

 About 20 years ago, the microarray technology was known as  macroarrays  with 
experiments performed on large membrane sheets made of nitrocellulose spotted 
with complementary DNA (cDNA), representing around 1–10,000 genes, and were 
used for comparative hybridization of RNA samples. This technology, although an 
advancement in comparison to classic methods such as Northern and Southern blot-
ting has moved through to the chip technology, which is available today. Microarrays 
are small, solid supports onto which the sequences of cDNA or oligonucleotides 
derived from thousands of different gene sequences, hereafter called  probes , are 
immobilized at specifi c locations in an orderly and fi xed manner. The solid supports 
are typically glass microscope slides, silicon chips or nylon membranes, where the 
probes are attached to a chemical matrix via surface engineering by a covalent bond. 
There are a number of different variations on the microarray technology and there 
are different names for the commercial microarrays, such as DNA/RNA Chips, 
BioChips or GeneChips. The protocol basically starts with the extraction of total 
RNA from the specimen and the isolation of the mRNA. The mRNA transcripts are 
then converted to a form of fl uorescent dye labeled nucleotides, normally referred 
as  targets , and subsequently, hybridized to the microarray (Fig.  13.2 ). During the 
hybridization, the target will bind to the probes on the array by sequence comple-
mentarily and the excess sample will be submitted to a washing off procedure. At 
this point, each probe on the microarray should be bound to a quantity of labeled 
target that is proportional to the level of expression of the gene represented by that 
probe. The amount of fl uorescent emission on each probe will be used to generate a 
signal intensity, which will afterwards be processed by bioinformatics tools and 
provide information on the level of expression of all the corresponding genes.  

  Fig. 13.2    Representation of hybridization of the fl uorescently labeled target RNA sample to the 
synthesized probes immobilized at specifi c locations on a solid support of the microarray       
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 Microarrays have been applied to many types of biological approaches such as, 
responses to environmental changes, classifi cations of tumors, characterization of 
therapeutic drugs, among others (Fig.  13.3 ). At the present time, the main large- 
scale application of microarrays is comparative gene expression analysis. Because 
of the greater facility in acquiring samples and the nature of the disease itself, the 
most successful application of microarray technology has been to the study of tumor 
tissues. In recent years, the technology has been applied to the identifi cation of spe-
cifi c patterns of gene expression that characterize different types of cancer, predict 
prognosis and responses to specifi c therapies. However, the effi ciency and robust-
ness of microarray analysis have been presented in areas as diverse as: neurological 
diseases, asthma, psychiatry diseases and cardiovascular diseases, with very inter-
esting and promising results.   

    Technical Considerations 

    Experimental Design 

 A proper experimental design is crucial for obtaining useful conclusions from a 
project. The choice of the design ideally includes an assessment of the biological 
variation, the technical variation, the cost and duration of the experiment, as well as 
the availability of biological material (Fig.  13.4 ). The experimental plan can also 
depend on the methods that will be used to analyze the data afterwards. In certain 
cases, the parameters needed to fi nd the optimal design must be obtained by a pilot 
experiment. Microarray experiments have multiple sources of variation, including 
variation from measurement errors associated with the array assays, laboratory pro-
cess, and biological variation, representing the variability among the subjects under 
study. Therefore, experimental designs should ensure that effects of interest are not 
confounded with ancillary effects. For example, it is well-known that even when 
genetically identical, variability between animals in the same group may be observed. 
Therefore, it is very important to have a maximum control of experimental 

  Fig. 13.3    An example of the microarray technology application. The baseline gene expression of 
two hypothetical genes and their expression levels modifi ed, as a consequence of an experimental 
manipulation, or altered physiological condition       
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conditions, establishing uniform procedures for the handling and treatment of the 
animals. Moreover, the number of animals per cage, diet, gender, age, length of fast-
ing, circadian patterns, stress conditions and the random assignment of the animals 
to the different treatment groups are important factors that should be carefully estab-
lished, in an attempt to eliminate potential source of variability. Notably, when sepa-
rating the tissues or cell lines for the microarray experiment, gloves should be used 
at all times during the extraction procedure and while handling materials and equip-
ment to prevent contamination. All equipment should be as free as possible from 
contaminating RNases and should, as often as possible, be treated with diethyl- 
pyrocarbonate (DEPC) and autoclaved with baking. The collection of the sample is 
also crucial and should be performed in a minimum period of time to prevent RNA 
degradation, since RNA integrity is critical for successful quantitation. In addition, 
the sample should be immediately snap-frozen in liquid nitrogen or dried ice and 
kept at –80 °C until the RNA extraction procedure takes place.   

    The Importance of Replicates 

 In microarrays studies, there are common strategies to control for technical assays 
and biological variations. Performing technical and/or biological replicates of the 
experiment being conducted is one of the classical approaches used by researchers 

  Fig. 13.4    The experimental design overview of a microarray experiment       
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to increase the power of the study. The technical replicate relates to the multiple 
labeling of the same RNA sample, with the motivation to reduce the variability 
related to assays and laboratory conditions (array to array difference, reagent lots, 
dye incorporation, apparatus, and operator, among others). Biological replicates 
involve the isolation of RNA from different samples independently (multiple cell 
lines, multiple biopsies, multiples animals, and multiple patients). The main prin-
ciple of a biological replicate is to control for the biological diversity between 
samples. 

 There is no precise rule to defi ne the number of replicates needed per microar-
rays experiments. However, for statistical instance, the maximum number of sam-
ples that can be handled within the biological experiment is important for the 
accuracy of the experiment. At the present time, it is advocated by experts in the 
fi eld that, when possible, one should always substitute technical replicates with bio-
logical replicates, since individual variability are suppose to be higher then the vari-
ability derived from the technical process. A recent published guideline suggest 
three biological replicates for cell line work, six for animal tissues and at least ten 
for human samples. Furthermore, when considering two or more groups for analy-
sis, more samples per conditions are required. Conversely, when running a time 
course experiment, fewer replicates per time point should be suffi cient. 

 Another point to consider when designing an experiment is that the choice of 
tissue to be analyzed by the microarray technique should be based on its relevance 
to the physiology of the pathology of interest and/or to the location where a specifi c 
process is taking place. In addition, it is important to note that gene expression may 
not be only tissue-specifi c, but also cell-specifi c. Thus, the expression profi le of 
certain population of cells may be modifi ed, if analyzed together with different cell 
populations. Accordingly, new technologies such as microdissection and laser cap-
ture, which allow the extraction of specifi c individual cells, are already being used 
by several groups. As a result, the microarray technology should constantly adapt to 
enable the achievement of highly specifi c and accurate results from ever smaller 
amounts of RNA.  

    The Impact of Pooling 

 In microarray experiments, sometimes pooling RNA samples before labeling and 
hybridization may be considered, in cases where there is insuffi cient RNA from 
each individual sample, or to reduce the number of arrays for the purpose of saving 
cost or of simplifying the laboratory procedures. The basic assumption of pooling is 
that the expression of a particular mRNA molecule in the pool is close to the aver-
age expression from individuals that comprise the pool. However, it has been 
exhaustively discussed that pooling individual samples has a number of disadvan-
tages: (1) the potential risk for pooling bias, e.g. signifi cant differences between the 
gene expression indentifi ed from the pooled sample and the average signal that 
would be derived from the individual measurements; (2) the impossibility of 
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detecting and eliminating technical or biological outliers, which would have an 
effect on the data obtained from the pool; (3) the loss of information about the indi-
vidual variability, which would eliminate the feasibility of indentifying specifi c 
characteristic of a given individual or clustering samples in clinical or pharmaco-
logic subgroups; (4) diffi culty in estimating variance between samples, and relying 
only on the observed fold-change to select genes, since it would not be possible to 
incorporate any statistical assessment regarding the reliability of the fi ndings. 

 Nevertheless, if pooling is chosen as the research strategy, one may consider 
using as many independent pools as possible, so that the sets of pooled samples in 
each array will represent a biological replication. It has been demonstrated that in 
certain situations, pooling an increased number of specimens allows the researcher 
to reduce the number of arrays without losing precision. In addition, being more 
specifi c in the biological question under study and considering the results of a pool-
ing experiment only as a screening exercise for future in depth analysis, while rec-
ognizing the possibility of detecting false negative and positive fi ndings, may also 
help researchers to extract reliable information from a pooling experiment.  

    The Extraction and Quality Control Checking 

 The RNA quality is the most important factor that will establish the success or fail-
ure of any microarray assay. The artifacts caused by nuclease activities, potential 
cold shock reactions and contaminations can be avoided if the experiment process 
is strictly controlled and well planned. In this sense, the collection and pre- 
processing stage are crucial for high-quality RNA isolation. When it is not practical 
to extract RNA from tissue samples immediately, the samples should be snap frozen 
in liquid nitrogen or dried ice within 30 min after dissection. As an alternative, RNA 
stabilizing solutions can be used in an attempt to maintain the integrity of RNA dur-
ing longer periods of time. Several methods are available to adequately isolate RNA 
from tissue and cell lines samples. The most common of these is the guanidinium 
thiocyanate-phenol-chloroform extraction. The method is very useful in providing 
high-quality concentration of RNA, however technical guidelines suggest that this 
method should not be used alone. The microarrays assays are very sensitive and 
since phenol may remain in the RNA solution after extraction, lowering the effi -
ciency of the experimental reactions, the subsequent purifi cation of the sample 
using a column-based method to remove the phenol residues and keep the purity of 
RNA is highly recommended. The procedure of RNA extraction is further compli-
cated by the ubiquitous presence of ribonuclease enzymes in cells and tissues, 
which can rapidly degrade RNA. Therefore, maximum care should be applied dur-
ing the entire process from tissue collection to RNA purifi cation, in an attempt to 
maintain the integrity of the samples. 

 Prior to running a microarray experiment, RNA quality must be adequately 
checked. There are three characteristics of the isolated RNA that may be measured: 
quantity, quality and integrity. The most commonly used method to perform the 
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inspection is spectrophotometer analysis though UV absorption measurements. 
This will allow the determination of the sample concentration and the presence of 
contaminants, such as proteins and phenol residues. In brief, the absorbance is mea-
sured at 260 and 280 nm and the ratio of absorbance at 260 and 280 nm is used to 
assess the purity of DNA and RNA. A ratio of ~2.0 generally indicates pure 
RNA. Since RNA has its maximum absorption at 260 nm, if the ratio is appreciably 
lower, it may indicate the presence of protein, phenol or other contaminants that 
absorb strongly at or near 280 nm. RNA quality is also usually assessed by electro-
phoresis on an agarose gel, followed by staining with ethidium bromide (Fig.  13.5 ). 
The presence of clear 28S and 18S ribosomal RNA bands are indicative of non- 
degraded RNA. However, it is important to remember that a number of technical 
conditions such as saturation of ethidium bromide fl uorescence, the amount of sam-
ple loaded, agarose quality and concentration may infl uence the visual evaluation 
and should always be taken into consideration and standardized as accurately as 
possible. Moreover, it is also not clear if clear 28S and 18S bands do refl ect the 
characteristics of the underlying mRNA population, which are know to present a 
more rapid degradation. One excellent alternative to improve the assessment of 
RNA quality and to standardize the process of RNA integrity interpretation is pro-

  Fig. 13.5    The RNA extraction and quality control checking: sample selection, RNA extraction, 
spectrophotometer inspection, capillary electrophoresis and ribosomal band visualization on the 
agarosis gel       
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vided by the equipment Agilent 2100 bioanalyzer (Agilent Technologies Inc., Palo 
Alto, CA), a commercially available system that employs chip-based nucleic acid 
separation technology. RNA samples are separated by capillary electrophoresis on 
a microchip device (LabChip 7500; Caliper Technologies, Mountain View, CA) and 
subsequently detected via laser induced fl uorescence detection. An electrophero-
gram and gel-like image will be generated by the software, providing the sample 
concentration, the ratio of the 18S to 28S ribosomal subunits and a more accurate 
and standardized visualization of the RNA quality and integrity. This new technol-
ogy introduces an interesting tool for RNA quality assessment, which is called RNA 
Integrity Number (RIN) and was developed to reduce the subjective interpretation 
and potentially incorrect determination of RNA quality. The software classifi es 
eukaryotic RNA according to a numbering system that ranges from 1 to 10, with 1 
indicating important levels of degradation and 10 representing highly intact and 
pure RNA. The acceptable number of RIN for microarrays experiments is 6 or 
higher. The entire process from RNA extraction to quality control samples is repre-
sented in Fig.  13.5 .   

    A Typical Experimental Protocol 

 After sample quality control checking, a typical microarrays protocol may be per-
formed using either total RNA or mRNA. The experiment starts with the target 
RNA being fi rst reverse transcribed using a T7-Oligo(dT) Promoter primer in the 
fi rst-strand cDNA synthesis reaction. Subsequently to the second-strand cDNA syn-
thesis mediated by RNase H, the resulting double-stranded cDNA is purifi ed and 
serves as a template in the following  in vitro  transcription (IVT) reaction. In this 
step, the complementary RNA (cRNA) is synthesized in the presence of T7 RNA 
Polymerase and a biotinylated nucleotide analog/ribonucleotide mix. The labelled 
cRNA products are then cleaned up and submitted to a fragmentation reaction to 
fi nally be hybridized to the microarray slide. Immediately following the hybridiza-
tion, the microarray is submitted to a washing off procedure for the removal of non- 
specifi c bonding sequences. The amount of remaining hybridized target molecules 
is proportional to the quantity of the originally isolated mRNA. Finally, the microar-
ray slide is scanned while connected to specifi c software that processes the data and 
quantifi es the intensity of fl uorescence at each point. This information will then be 
used for the relative quantifi cation of differently expressed genes. The detailed 
assay is shown in Fig.  13.6 .   

    Data Analysis 

 Microarray data sets are commonly very large, and analytical precision is infl u-
enced by a number of variables. Statistical challenges include taking into account 
effects of background noise and appropriate normalization of the data using 
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algorithms methods. Nowadays, a number of powerful freely available as well as 
commercial software’s packages that incorporate different microarray analysis 
algorithms have been developed to allow researchers to capture, manage, and ana-
lyze effectively data from DNA microarray experiments. After the capture and 
imaging, the data obtained by a microarray experiment are subjected to a series of 
analytical processes, which involves the standardization and elimination of experi-
mental noise so that obtained expression estimates refl ect the true changes in mRNA 
abundance, as precisely as possible. After background correction and normaliza-
tion, the transformation of intensity values into adequate data for statistical analysis 
is the subsequent step for indentifying differently expressed genes between groups. 
The most straightforward approach to select potentially regulated genes is ranking 
the results with respect to fold change. For example, genes demonstrating a twofold 
or greater change may be regarded as differently expressed and further selected for 
in-depth examination. However, this approach will have an obvious drawback, in 
the way that such a selection does not provide the investigator with any measure of 
the reliability of the observed change, since it does not take inter-experimental vari-
ability into account. Moreover, it is possible that a given gene with high fold change 
may as well as be greatly variable, and therefore its selection will end up providing 
poor information on its regulation and will be fairly imprecise. In this sense, statisti-
cal tests, such as t-tests, Analysis of Variance, Maximum-likelihood analyses, 
F-statistics, and the non-parametric equivalents, as well as the new generation of 
modifi ed t-statistics, are alternative methods to identify signifi cant changes between 
group means. Nevertheless, the choice of method used to identify differently 
expressed genes can have an important infl uence on the selected gene list and ulti-
mately, this decision should be based on biological, rather than on statistical consid-
erations. If the research question relies on the identifi cation of absolute changes in 
gene expression, and not in the variation within the groups, the use of the fold 
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  Fig. 13.6    Example of typical microarray experimental protocol. Reproduced with authorization 
of Affymetrix Inc       
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change is recommended. On the other hand, statistical tests or the combination of 
both methods are more appropriate if one is interested in changes in gene expression 
relative to the underlying noise for a given gene. 

 Because of the large number of genes being tested in one experiment, the prob-
ability of identifying false positives is substantially enhanced when increasing num-
ber of tests are being performed. Therefore corrections for multiple testing methods, 
such as False Discovery Rate (FDR) and Family-Wise Error Rate (FWER), should 
be performed before the differentially expressed genes are selected and further anal-
yses are conducted. Once a defi nitive list of potentially regulated genes is produced, 
the next step is to biologically interpret the data, using clustering and functional 
analyses methods for a more detailed understanding of the gene expression profi le 
observed. Clustering is an exploratory data analysis tool that aims to group similar 
objects to respective categories, according to some measure of similarity. Typically, 
clustering is used as a strategy to present and summarize the microarray data in the 
format of dendrogram or heatmaps. Both samples and genes can be clustered, there-
fore highlighting the overall similarity of samples within a given group, providing 
discriminative information based on certain selection of genes, indentifying groups 
of possible related genes, or even providing an illustration of existing gene patterns 
within the set of microarrays. Functional analysis, also known as functional enrich-
ment, is a method that integrates the gene list indentifi ed by the experiment with the 
available literature, normally public databases, extracting information on potential 
biological pathways altered by the experiment (Fig.  13.7 ). This approach is espe-
cially important since analyzing genes as independent entities disregard the fact that 
genes do not work in isolation but in pathways. Available online programs such as 
Gominer™, The Database for Annotation, Visualization and Integrated Discovery 
(DAVID) and Ingenuity Pathway Analysis ®  provide information on enriched bio-
logical themes, gene ontology terms, enriched functional-related gene groups, other 
functionally related genes not in the list, gene-disease associations, among others.   

    Validation of Differentially Expressed Genes 

 Finally, the verifi cation of positive results using a second independent technique is 
a well-established strategy performed among microarray users to validate their fi nd-
ings. This replication of data is extremely important, since small inconsistencies in 
protocols may cause subtle changes in expression levels of genes, increasing the 
chance of indentifying false-positive and false-negative signals. The most common 
method to confi rm microarrays fi ndings is the quantitative real-time polymerase 
chain reaction (qRT-PCR). The method is a rapid, sensitive and less complex tech-
nique for gene expression analyses and offers the opportunity for the investigation 
of multiple targets in a relative small standardization time. The selection of the gene 
set for validation analysis depends on many factors such as the original experimen-
tal design, relative difference in expression among the samples, biological function 
and availability of appropriate reagents (primers and antibodies). One important 
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point to consider is that usually, commercial arrays contain a number of different 
isoforms of the same gene. In this sense, if an inadequate probe selection is per-
formed, the researcher may design primers and perform qRT-PCR of transcripts that 
were originally not altered on the original experiment. This is one of the main rea-
sons of inconsistencies between arrays and qRT-PCR results. As an additional rec-
ommendation, when possible, microarrays fi ndings should be replicated using the 
original samples (technical replication), as well as using independent new samples 
(biological replication). Other methods, such as Northern and Western blot analy-
ses, which measures RNA and protein levels, respectively, are also frequently used 
to validate the microarrays fi ndings. The limitations of those techniques include 
time for conducting the experiment and the small number of genes that can be 
interrogated. 

  Fig. 13.7    Example of a functional pathway analysis result integrating the list of down ( green ) and 
up ( red ) regulated genes indentifi ed by the experiment with the available literature and with other 
functionally related genes ( black ) not indentifi ed       
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 Of note, in the last years, the advances in research and the development of more 
robust platforms have increased the confi dence in gene expression data derived 
from microarray experiments and it is probable that, in the future, the validations 
procedures may be an optional step to be performed by the researcher.   

    Future Perspectives 

 The number of studies involving the use of microarrays for the identifi cation of new 
genes and molecular mechanisms has grown exponentially. We are moving to a new 
scientifi c level, in which the complex pathophysiology mechanisms of a number of 
diseases are now closer to be understood. The promise for the future is that bio-
markers identifi ed by this new technology will help the understanding of a number 
of conditions, and will eventually be directly incorporated into the diagnosis and 
treatment of diseases. However, despite robust and conceptually simple, the use of 
microarrays is still rather limited due its cost, which is considered an important 
bottleneck for a number of research groups. In addition to a careful experimental 
design, which involves the acquirement of high quality samples to the choice of the 
correct and most appropriate platform of analysis, another point to consider is the 
need for the implementation of bioinformatics tools and statistical analysis capable 
of managing and interpreting the massive amount of data that is generated, after 
each experiment. The latter seems to be a crucial factor for the success and repro-
ducibility of the assays. Nevertheless, the next few years await further advances in 
the development of the technique, making it more accessible to the scientifi c com-
munity, both in fi nancial and analytical terms. If used in an appropriate context and 
accompanied by appropriate biostatistics methods of analysis, microarray technol-
ogy can be an important screening tool, which is capable of revealing valuable clues 
related to the pathophysiology of complex diseases, ultimately offering conditions 
for the development of new research strategies.     
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