
Although microarrays provide information about thousands of 

already known genes and their mutations, genome sequencing 

finds new mutations and polymorphisms directly, by figuring out 

the order of DNA nucleotides—A, G, T, and C—in the entire set of a 

person’s genetic material. The Human Genome Project took 13 years 

to sequence a representative sample human genome, which con-

sists of 3.2 billion base pairs; however, sequencing technology has 

advanced so greatly that a human genome can now be sequenced 

in 4 weeks at a cost of $100,000. The latest sequencing machines use 

a technique called sequencing by synthesis, in which the DNA 

sample is first broken up into fragments that are 300-500 bases in 

length. Each fragment is then placed into one of about 400,000 mi-

croscopic depressions, or wells, in an array on a translucent sur-

face. The wells are all attached to a high-resolution digital camera. 

DNA polymerase, the enzyme that replicates DNA in all mamma-

lian cells, is added to the wells along with chemically modified 

nucleotides, the building blocks of DNA. The machine pumps in one 

type of nucleotides at a time, in a fixed order, and the polymerase 

can only extend its copy chain if the nucleotide being pumped in is 

complementary to the next base of the fragment it is copying. 

Whenever a nucleotide is added to a chain in one of the wells, it trig-

gers a tiny light flash that is recorded by the attached camera. The 

sequencer’s computer analyzes the data from the camera to put 

together the sequence of each of the 400,000 DNA fragments and 

compares them, finally arranging the fragments in a linear fashion 

to reveal the order of DNA sequence from the original sample. 

Already, more than 20 million single nucleotide polymorphisms 

(SNPs) have been found by large-scale DNA sequencing of hun-

dreds of individual human samples, and this knowledge is being 

used to establish new candidate disease genes.

WHOLE GENOME SEQUENCING WILL YIELD 
NOVEL CANDIDATE DISESASE GENES

Construction of a DNA plasmid 
containing an inactive mutant 
form of the gene to be tested

Example of a
knockout mouse:

Mice with inactive PERK
(Pancreatic Endoplasmic
Reticulum Kinase) gene

and protein have abnormally
fragile and and porous bones, 

grow very slowly and remain small 
compared to a normal mouse

(on the right)

Introduction of the DNA plasmid 
by electric pulse (electroporation) 
into embryonic stem cells (ES cells, 
upper panel) and verification of the 
presence of the mutant gene by 
Southern blotting (lower panel).

Karyotyping (Chromosome 
analysis) of mutated ES cell 
clones to ensure genetic 
integrity

Injection of mutated and 
karyotyped ES cells into 3 day 
old mouse embryos 
(blastocysts)

After implantation of mutant 
ES cell—containing mouse 
embryos—into foster mothers 
genetic chimera are born. In 
the above picture, the black 
coat color is derived from the 
ES cells, the white color from 
the host embryo. Further 
breeding creates all black mice 
that contain the mutant 
inactive gene in all tissues. 
Any disease these mice may 
develop is directly caused by 
the mutated gene.

DNA construct 
with inactive mouse gene 
due to a missing exon

Normal mouse gene with all exons
in mouse embryonic stem cells 
(in this case two exons)

After introduction of the DNA
construct into embryonic stem cells
exon 2 is removed

After removal of the antibiotic resistance marker neo the final 
stem cell contains only one change: exon 2 is deleted 

causing inactivation of the gene

ES cell colonies containing the mutated gene.

Neo

Neo

Exon2Exon1

Exon 1

Exon 1

Detecting known genetic mutations
by microscopical examination of chromosomes: 
large scale chromosomal rearrangements,
as well as deletions and amplifications
of single or multiple genes.

An important tool to visualize and map an individual’s genes on a 

chromosome or to monitor the integrity of whole sections of a 

chromosome is fluorescence in situ hybridization (FISH). In 

order to identify the presence and location of a particular gene 

within an individual’s chromosomes, a researcher prepares short 

sequences of single-stranded DNA, called probes, that match part 

of the specific gene. Each of these probes is then labeled with fluo-

rescent dye. The probes are then hybridized to an individual’s chro-

mosomes present in the cell nuclei of a patient’s tissue sample that 

had been put on a microscope slide. The probes will bind to the 

gene's complementary strand of DNA wherever it is located within 

the person’s chromosomes. The probe’s fluorescent label allows 

researchers to see the gene’s location through a microscope. 

Different types of probes are used to ascertain whether both or only 

one copy of a given gene or region has been mutated or deleted 

and whether an individual has the correct number and shape of 

chromosomes. All types of FISH can be important in order to pre-

dict in a child eventual development of certain genetic disorders, 

especially ifthe childt has affected parents. An example is Prader- 

THE USE OF MICROARRAYS 

TO DETERMINE DISEASE 

SUSCEPTIBILITY IN PEOPLE

Microarrays are now also used for 

potential simultaneous detection of 

thousands of known disease-specific 

single nucletide polymorphisms 

(SNPs) in a single DNA sample to 

rapidly and cost effectively get an over-

view of a patients genetic predisposi-

tions as well as conditions. In this case, 

thousands of different single stranded 

30-60 nucleotide long DNA oligomers 

representing thousands of known 

SNPs are bound as microscopic 'dots' 

on a single slide. Such a slide is then 

probed with fluorescent-labeled DNA 

(not mRNA) from a patient's sample. 

The genetic mutations found this way 

can be used to tailor-make prescrip-

tions for each patient to pre-empt spe-

cific conditions. The mutations found 

may also indicate pre-emptive clinical 

procedures, including surgery.

USING DNA MICROARRAYS FOR RAPID DISCOVERY
OF NEW CANDIDATE DISEASE GENES

Another type of genomic technology involves the use of microarrays, or microscope 

slides containing within a space of less than a square inch hundreds or thousands of gene 

sequences selected from a database of all 30,000 known human gene sequences. 

Although all of the body’s cells contain the same genetic material, the same genes are not 

active in every cell. Microarray technology enables scientists to investigate how active 

any one of the 30,000 genes are at a given time within a specific cell type. When a gene is 

activated, cellular machinery begins to produce messenger ribonucleic acid (mRNA) 

that represents an exact single stranded copy of all of the exons of the gene and which is 

translated into its corresponding protein, the biologically active gene product. Research-

ers extract all mRNA from a particular tissue or even from a single purified cell type, 

including tissue from patients with any kind of disease. The resulting total mRNA is a mix-

ture of the individual mRNAs made by every one of the thousands of genes that are active 

in the specific tissue or cell type. This mRNA mixture is labeled with a fluorescent dye and 

each of the different mRNA molecules finds its complementary DNA on the microarray 

slide, producing a microscopic fluorescent area. If an area is very bright many molecules 

of the same mRNA species have combined with a specific immobilized DNA probe, mean-

ing that the corresponding gene is very active in the cell. Scientists are currently using mi-

croarray technology to assess gene expression levels in diseases such as heart disease 

and cancer, looking at the activity of up to 30,000 different genes in affected cells during 

a single experiment. If the data for normal and patient tissue are compared this informa-

tion very often points to novel crucial genes that could be a target for future drug develop-

ment against the disease studied. A major advantage of this method to detect disease 

genes is that it makes no prior assumption as to which genes are affected. 

KNOCKOUT MICE PROVE THAT A GIVEN
MUTATION CAUSES A DISEASE 
Candidate disease genes are usually found by using traditional genetic and, more recently, new genomic technology on pa-

tient samples. However, these data only show a correlation between a disease and a mutation in one or more genes; they do 

not prove causation. If there are multiple genes that correlate fairly well with a disease, as is often the case, the only way to 

prove functionally that any candidate gene actually causes or at least contributes to the disease is to inactivate this gene in a 

suitable animal model, usually a mouse. For instance, by inactivating, or knocking out, a candidate gene for heart disease in 

a laboratory mouse and noting any resulting effects on the mouse’s heart, scientists either definitely prove or definitely disprove 

the functional involvement of the gene in causing the disease. If functional involvement is proven a candidate gene automati-

cally becomes a new candidate drug target to manipulate the activity of the gene for the benefit of the patient.

To knock out a given gene, scientists first produce an inactive form of the gene, often reproducing a mutation found in patient 

samples in the corresponding mouse gene. The DNA comprising the mutated gene is isolated in its pure form and then intro-

duced into mouse embryonic stem cells using a short electrical pulse. Usually, between 1%–30% of these embryonic stem 

cells will replace one of their two existing copies of the gene with the artificial inactive form due to a natural process called ho-

mologous recombination, which normally serves as a cellular mechanism for repairing DNA mutations (specifically, DNA 

double strand breaks). The genetically altered stem cells are then injected into early-stage mouse embryos, which are in turn im-

planted into female ‘foster’ mice. The resulting mouse pups are genetic chimera, meaning that part of their body is derived from 

the mutated embryonic stem cells and part is derived form the early stage host embryo. These chimera are then crossbred to 

produce mice in which the gene has been knocked out in all tissues. This method of introducing a mutation into the mouse is 

still quite demanding and typically takes one to two years for each modified gene. The National Institutes of Health (NIH) are cur-

rently funding an international collaboration (the Knockout Mouse Project; total cost: almost $100 million) that aims at 

knocking out most, if not all, of the 30,000 known genes in the mouse, and to make mice freely available to all researchers so 

that they can start to determine the function of each gene.

The above knockout method can be modified so that the target gene is inactivated only in specific tissues, for instance 

in the mouse’s heart but no other tissues. This is extremely important because many gene inactivations are developmentally 

lethal so that a mouse fetus lacking the gene in all of its tissues could not be born. Additionally, many genes are expressed in 

all or most tissues of the body and could theoretically cause a disease in a number of different ways by affecting different tis-

sues. In limiting the inactivation to a certain tissue, tissue-specific knockout proves specifically that a candidate gene causes 

the disease primarily by affecting that tissue.

GENOMIC TECHNOLOGY

THE NEW AGE OF GENOMICS 
AND ITS REVOLUTIONARY ROLE IN MEDICINE

A genome consists of all the genetic material in the 
chromosomes of an organism. Genome sizes vary from 
species to species. The bacterium Nanoarchaeum equitans 
features one of the smallest known genomes of a true 
organism (not a virus) and is made up of 490,000 DNA base 
pairs and about 550 genes, whereas the human genome 
includes 23 chromosomes (22 autosomal chromosomes and 
one sex-determining X or Y chromosome), containing a total 
of 3.2 billion DNA base pairs and an estimated 30,000 genes. 
Each human cell actually contains two genomes, one from 
each parent, except sperm and egg cells, which have only
one set of chromosomes. 

Despite obvious differences between species, most organisms share a surprising number of genes. Humans have 28% of their genes in 

common with baker’s yeast, 45% in common with fruit flies, 89% with mice, 93% with rhesus monkeys, 97% with orangutans and about 

98.7% with chimpanzees. The mouse is by far the most important animal model of human disease, because of its unique combination of 

1) high similarity to the human genome; 2) ease of breeding and handling; and 3) amenability to genetic manipulation. In fact, modern 

drug development would be simply impossible without the mouse animal model (see section on knockout mice). 

In fact, all humans are at least 99.9% similar at the genetic level, making the few known genetic differences between individuals very sig-

nificant for the understanding of human health. In order to identify these differences so that they could be studied for the purpose of de-

veloping better drugs, scientists first needed to create a map of the human genome, showing the chromosomal location of genes and the 

precise nucleotide sequence of all 3.2 billion DNA base pairs. In 2003, the international $2 billion Human Genome Project, under the 

leadership of Francis Collins (National Institutes of Health) and Craig Venter (Celera Inc.) as well as the Sanger Center in the UK, completed 

such a map after 13 years of work (two years ahead of schedule) launching a new era in which the field of genomics is revolutionizing 

medicine and surgery.

Thanks to this incredibly detailed human genetic blueprint and also because of the concurrent electronic revolution that provides rapidly 

increasing computing power to researchers to sift through the 3.2 billion nucleotide long human genetic map, more than 20 million SNPs 

as well as thousands of other kinds of mutations causing more than 4,000 genetic conditions and diseases are currently known, and there 

is no end in sight yet. 

The resulting new knowledge will truly revolutionize medicine and surgery, and there will be tangible benefits (and dangers) 

for all of us in our lifetime. 

FLUORESCENCE IN SITU HYBRIDIZATION (FISH)

Each microscopic dot represents
the presence or absence of messenger 
RNA made from a single gene.
Up to 30,000 mRNAs representing 
as many genes can be detected in 
a single microarray. 

This FISH example exhibits 3 copies 
of a gene located on chromosome 21
(red dots), indicating that the individual 
has Down syndrome.

Normal individuals with 2 copies of a gene
located on chromosome 21

Microscopic pictures of all 46 chromosomes in the
nucleus of a single human cell that were hybridized 
in situ with fluorescent probes that specifically bind
to each chromosome.

Willi syndrome (small stature and learning disabilities), which is 

caused by deletion of seven genes in a row, on chromosome 15. 

Whole chromosome probes are collections of smaller probes, 

each of which binds to a different sequence along the length of a 

chromosome. Each chromosome can be labeled with a different 

dye, so that researchers can study large chromosomal rearrange-

ments, especially those that result in fusion of part of one chromo-

some to another chromosome. FISH is often used in prenatal 

diagnosis to detect trisomies—cases in which an individual has 

three copies of one chromosome instead of two – these result from 

errors in cell divisions leading to the generation of sperm and egg 

cells. An important example of  Trisomies is Down syndrome 

which is caused by the presence of three copies of chromosome 21.

TARGETED INACTIVATION OF ANY GENE
IN THE MOUSE TO DETERMINE THE GENE’S FUNCTION
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