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The molecular aspects of bioregenerative engineering address the principles, technologies, 
and applications of bioregenerative engineering at the molecular level. Cellular activities, 
including cell proliferation, differentiation, and regeneration, are regulated by coordinated 
gene expression and protein activation. Thus, the regeneration of cells, tissues, and organs 
can be controlled by the modulation of gene expression and/or protein activities. The 
process of molecular modulation is often referred to as molecular engineering. Since 
protein modulation depends on, to a large extent, DNA modulation, this book will focus 
on DNA engineering.

Expression of green fl uorescent protein (GFP) in cultured bone marrow stromal cells transfected 
with a GFP gene. Green: GFP. Blue: cell nuclei. Scale: 10 μm. See color insert.



DNA engineering stems from the principles of natural genetic processes, such as gene 
replication, transcription, recombination, and mutation. Nature has designed and created 
one of the most elegant biological systems, the genome, for the storage and processing of 
hereditary information. The human genome is composed of about 3,000,000 nucleotide 
pairs and more than 50,000 genes, which are the fundamental units of genetic processing. 
A gene encodes the sequence of a polypeptide chain or protein. Each gene can be repli-
cated to pass genetic information to the next generation and transcribed into messenger 
RNA (mRNA) to produce a protein. For the past half century, genetic research has dem-
onstrated that a gene can be identifi ed, removed, purifi ed, modulated, replaced, repro-
duced, and transferred between cells or organisms. Methods for these preparations have 
provided a foundation for the establishment of the most infl uential technology in biomedi-
cal history: the recombinant DNA technology. Such a technology has revolutionized 
modern biomedical research, enabling the detection of gene mutants, the identifi cation of 
genetic causes for pathological disorders, the reproduction and modeling of gene muta-
tion-induced diseases and, more importantly, the potential improvement of cell regenera-
tion and treatment of human diseases by using genetic approaches. Biomedical research 
with genetic engineering may hold the key to the understanding and treatment of deadly 
diseases, such as degenerative disorders, cancer, and atherosclerosis.

DNA engineering approaches are established on the basis of DNA recombination and 
transfection technologies. The ultimate goal of DNA engineering is to repair or replace 
defective or mutant genes, which cause pathological disorders and cannot be naturally 
repaired, and thus to enhance the regeneration of disordered cells, tissues, and organs. To 
achieve such a goal, it is necessary to understand the structure and function of genes and 
the role of gene mutation in the induction pathogenic disorders, and to establish engineer-
ing technologies for constructing therapeutic genes, which are used for replacing defect 
or mutant genes. It is also necessary to detect the function and effectiveness of the thera-
peutic genes delivered into target cells. In this chapter, the principles of molecular engi-
neering are outlined.

DNA ENGINEERING

Gene Mutation [10.1]

In a broad sense, human diseases can be induced by gene mutation, environmental stimu-
lation, or a combination of both. Gene mutation is defi ned as a heritable alteration in the 
structure of DNA. Gene mutation can occur spontaneously during evolution, which may 
play a role for evolutionary development of plant and animal species, and can also be 
induced by environmental factors, such as chemical (carcinogens), physical (radiation), 
and biological (viruses) factors. For instance, cytosine can be deaminated to form uracil 
spontaneously (Fig. 10.1) or under the action of certain chemicals, such as nitrous acid. 
There are various types of gene mutation. These types are summarized in Fig. 10.2. 
During the entire lifespan of an organism, each base pair may be mutated at a rate of 
10−9–10−10. The rate of mutation for a gene is dependent on the number of the base 
pairs.

There are two forms of gene mutation: alterations in chromosomal structure and altera-
tions in specifi c gene structure. Chromosomal alterations usually include apparent deletion 
or translocation of a segment of the involved chromosome(s). Each altered segment may 
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Figure 10.1. Schematic representation of cytosine mutation.

A GA purine (or pyrimidine) is
replaced with a purine (or 
pyrimidine). 

A C

T C

T G
A purine (or pyrimidine) is
replaced with a pyrimidine
(or purine). 

A codon is replaced with
another codon for a 
different amino acid.

AGG CGG
(both for arginine)

A codon is replaced with
another codon for the 
same amino acid.

AAA AGA
(lysine to arginine)

CAG UAG
(glutamine to a termination codon)

Frameshift CAG GTA ACG CCA 

CAG XGT AAC GCC A 

Figure 10.2. Common types of gene mutation found in the mammalian genomes. Based on bibli-
ography 10.1.

contain multiple gene loci. In contrast, alterations in gene structure include mutation of 
single or multiple base pairs, which are often diffi cult to notice. In certain cases, a change 
in a single base pair, known as point mutation, may result in the translation of defective 
proteins, leading to severe clinical consequences. Sickle ell anemia is a typical example. 
This disorder is induced by the substitution of a single base C (cystine) with T (thymine) 
in the hemoglobin β chain gene. This substitution changes the codon CTC to TTC, result-
ing in the replacement of glutamic acid with lysine at the sixth residue of the hemoglobin 



β chain. As a result, the erythrocytes exhibit an irregular shape and increased rigidity of 
the cytoskeleton, rendering the erythrocytes diffi cult to pass through capillaries. Capillary 
obstruction and oxygen defi ciency are often found in peripheral tissues in sickle cell 
anemia. These pathological alterations are associated with clinical manifestations such as 
hemolysis and anemia, impaired system development and growth, increased susceptibility 
to infection, and micro- and macroinfarction.

Gene mutation may also induce premature termination of protein synthesis, resulting 
in the formation of incomplete or defective proteins. The translation of proteins is con-
trolled by the sequence of mRNA, which contains the coding information for a specifi ed 
protein. Three codons, including UAA, UAG, and UGA, serve as signals that induce the 
termination of protein translation. When a gene mutation occurs in a gene to change an 
amino acid codon to one of the termination codons, protein translation will be terminated 
prematurely, producing a defective protein. For instance, the codon for the amino acid 
tyrosine is UAU. The substitution of the last base U with A changes the tyrosine codon 
to a termination codon UAA, which signals the protein synthesis machinery to terminate 
protein translation. Since proteins are major components that participate in the constitution 
of cell structures and in the regulation of cellular activities, defective proteins often cause 
pathogenic alterations in cell structure and disorder in cell function.

Disorders Due to Gene Mutation [10.1]

Genetic disorders can be classifi ed into three types: chromosomal defects, simple inher-
ited genetic defects, and multifactorial defects. Chromosomal defects are disorders 
induced by deletion, duplication, or abnormal arrangement of partial or entire 
chromosome(s). Usually, a large amount of DNA or a large number of genes may be 
involved in chromosomal defects. Common chromosomal defects include trisomy (the 
presence of 47 chromosomes), monosomy (45 chromosomes), triplody (69 chromosomes), 
segmental duplication, and segmental defi ciency. These chromosomal defects are often 
associated with abnormal anatomy of selected tissues and organs, mental retardation, 
behavioral disorders, and disorder of growth and development. Chromosomal defects can 
be detected by staining chromosomes with DNA dyes and optical microscopy. In normal 
cells, each of the 23 pairs of chromosomes exhibit distinct characteristics in terms of 
size, banding pattern, and the location of the centromere, which divides a chromosome 
into two arms. The sex chromosomes also show these characteristics. Women contain 
two XX sex chromosomes, while men contain one X and one Y sex chromosome. Any 
changes from the standard number and form of chromosome are considered chromosomal 
defects.

Simple inherited gene defects are disorders induced usually by a single mutant gene. 
On the basis of inheritance patterns, these defects have been classifi ed into three 
categories: autosomal dominant, autosomal recessive, and X chromosome (or X)-linked 
gene defect or mutation. Autosomal dominant gene defects are those that cause clinical 
manifestations when one copy or allele of a gene in a genetic locus is mutated and the 
other copy or allele is normal, a condition referred to as heterozygous gene mutation. 
The gene defect is found in the autosomes, but not in the X and Y chromosomes. 
Because of the heterozygous nature of the gene defect (i.e., one chromosome of each 
pair contains the defective gene), 50% of the offspring will inherit the defective 
gene. The defective gene will be transmitted continuously through all generations by the 
individuals who carry the defective gene. Since the defect does not involve the sex 
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chromosomes, males and females are equally affected. Autosomal dominant gene 
disorders rarely cause infertility. Examples of autosomal dominant disorders include 
Huntington’s chorea, Marfan’s syndrome, familial hypercholesterolemia, myotonic 
dystrophy, familial hyperlipidemia, familial breast cancer, and hypertrophic obstructive 
cardiomyopathy.

Autosomal recessive gene defects are those that cause clinical manifestations only when 
both copies of a gene are defective at a gene locus. Individuals who carry only one copy 
of the defective gene do not exhibit clinical manifestations. While the defective gene is 
transmitted to offspring, the offspring do not show clinical symptoms. The condition that 
causes clinical manifestations is when the two parents are carriers of the same defective 
gene and the two defective copies of the affected gene are transmitted to the same indi-
vidual. In that case, 25% offspring are not defective gene carriers, 50% are carrying one 
copy of the defective gene (heterozygotes), and the remaining 25% are homozygous car-
riers who express clinical manifestations. When a homozygote is married to a normal 
individual, the offspring are all heterozygous defective gene carriers, but do not expression 
clinical manifestations. The recessive type of gene defect occurs in the autosomes. Thus, 
males and females are both affected. Examples of common autosomal recessive disorders 
include sickle cell anemia, deafness, cystic fi brosis, hereditary emphysema, congenital 
adrenal hyperplasia, and familial Mediterranean fever.

X-linked gene defects are those that occur in the X chromosome. Although both males 
and females may have X-linked gene defects, the clinical expression of the disorder differs 
between the two genders. A female possesses two X chromosomes and may carry one or 
two copies of the defective gene. Thus, dominant and recessive forms of gene disorder 
can be found in females. In contrast, a male carries only one X chromosome. All male 
X-linked disorders are dominant. The X-linked defective gene will not be transmitted 
from the father to the son, because the son inherits only the Y chromosome from the 
father. A female can receive X chromosomes from both parents. When a male is a defec-
tive gene carrier, all his daughters will be defective gene carriers. When a female is a 
homozygous defective gene carrier and the father is normal, 50% of her offspring, includ-
ing males and females, will become heterozygotes. Examples of common X-linked gene 
disorders include hemophilia A and B (factor VIII and IX defi ciency, respectively), col-
orblindness, Duchenne muscular dystrophy, glucose 6-phosphate dehydrogenase defi -
ciency, testicular feminization, and ocular albinism.

The third type of genetically related disorder is multifactorial genetic disorders. This 
is a group of disorders that are induced or enhanced by activation of more than one gene. 
The involved genes may act synergistically in the initiation and development of a disorder. 
Often, environmental factors are necessary components that stimulate the expression of 
the involved genes. When the genetic effect is accumulated to a critical level, one or more 
environmental factors may trigger the onset of the disorder. The environmental factors 
may also determine the severity of the disorder. These disorders do not express the inheri-
tance features of the dominant or recessive gene defect-induced disorders. It is even diffi -
cult to clearly identify the genes that are involved in the pathogenesis of the disorder. Even 
for the same type of disorder, different genes may be involved in different individuals. 
Thus, it is diffi cult to predict the risk of inheritance for the offspring. A judgment is often 
made based on the basis of a family history and statistics. However, certain multifactorial 
genetic disorders may be dependent on other types of genetic disorder. For instance, 
familial hypercholesterolemia, a disorder induced by autosomal dominant gene defect, 
contributes signifi cantly to the development of atherosclerosis, which is considered a 



multifactorial genetic disorder. Examples of common multifactorial genetic disorders 
include atherosclerosis, diabetes mellitus, essential hypertension, cancer, epilepsy, and 
congenital heart disease, rheumatoid arthritis, and Parkinson’s and Alzheimer’s 
diseases.

Principles of DNA Engineering [10.2]

DNA engineering is applied to restore or modulate the structure of defective genes and 
thus to restore or improve the function of these genes. DNA engineering is established to 
study and treat disorders due to genetic defects. To achieve such goals, it is necessary to 
accomplish the following tasks: (1) identifi cation of a cell type that is involved in the dis-
order of interest, (2) identifi cation of a mutant gene that is responsible for or contributes 
to the disorder, (3) construction of a therapeutic gene, (4) transfection of target cells with 
the therapeutic gene for the treatment of the disorder; and (5) test of the effectiveness of 
gene transfection. These approaches are briefl y discussed here.

Identifi cation of Cell Types Involved in a Disorder. A pathological process inevitably 
involves cells, tissues, and organs, infl uencing the structure and functions of these biologi-
cal systems. It may be fairly straightforward to identify the cell types involved in certain 
diseases, but may be diffi cult in others, depending on the nature of the disease and the 
accessibility of the involved organs. For instance, hepatoma may likely involve hepato-
cytes and other cell types in the liver, and atherosclerosis may involve blood and vascular 
cells, such as monocytes, macrophages, endothelial cells, and smooth muscle cells. For 
these diseases, cell types involved can be easily identifi ed since the clinical signs and the 
anatomical locations of the pathological disorders can be easily recognized. However, it 
may not be that easy to identify a cell type involved in a neurological or psychological 
disorder since the functional anatomy of the brain is not well understood and the brain is 
not accessible. In any case, the fi rst task in molecular engineering is to identify cell types 
that are involved in the disorder of interest. Although the genome is identical for all cell 
types, the pattern and level of gene expression can be vastly different. A disease is often 
associated with changes in gene expression. Thus, it is a critical step to identify cell types 
with altered gene expression. These cell types can be collected and prepared for the iden-
tifi cation of genes involved in the disorder of interest.

Identifi cation of Mutant Genes. One of the most important tasks in DNA engineering 
is the identifi cation of a mutant gene that is responsible for the disorder of interest. Once 
a mutant gene is identifi ed, a therapeutic gene can be established for replacement of the 
mutant gene and treatment of the disorder. It is important to note that a large number of 
genes have been identifi ed, cloned, and analyzed in terms of their structure, function, and 
contribution to the pathogenesis of many diseases. It is strongly advised that, before start-
ing an investigation, one should conduct a thorough literature search for information rel-
evant to the genes potentially involved in the disorder of interest. It can save a tremendous 
amount of time and effort if the investigation starts with a known gene. However, if the 
cause of the disorder and the contribution of potential genes are not known, one may have 
to start with gene identifi cation. A number of procedures are necessary for the identifi ca-
tion of a mutant gene, including: (1) assessment of mRNA transcription or gene expression, 
(2) extraction of DNA from a selected cell sample and digestion DNA with restriction 
enzymes, (3) construction of recombinant DNA, (4) establishment of a DNA library, (5) 
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selection of the gene of interest, (6) amplifi cation of the selected gene, (7) gene sequencing 
and analysis, and (8) test of the function of the selected gene.

Assessing mRNA Transcription. The identifi cation of mutant genes may start with assess-
ing the level of gene transcription. In general, a gene defect or mutation may result in 
an alteration in the level of mRNA transcription. The alteration may be a complete 
defi ciency, increase, or decrease in mRNA transcription. Since a change in the regulatory 
activity of gene expression may also induce an increase or decrease in mRNA transcrip-
tion, an alteration in gene expression may not be indicative of the presence of a mutant 
gene. However, such a change may serve as a clue for identifying potential mutant genes. 
Genes with altered expression can be selected for further analyses, such as DNA sequenc-
ing and functional test, which provide conclusive information for identifying the mutant 
gene.

To assess the level of mRNA transcription or gene expression, it is necessary to prepare 
mRNA and measure the level of mRNA transcription. Total mRNA can be extracted from 
target cells, and the transcription of mRNA can be assessed by analytical approaches such 
as Northern blotting and gene microarray analyses. Since the gene microarray analysis 
provides a profi le of mRNA transcription covering hundreds and thousands of genes, this 
method is more effi cient than Northern blotting analysis. Here, the principle of gene 
microarray analysis is briefl y discussed.

Gene microarray analysis is an approach established to detect quantitatively the tran-
scription levels of multiple mRNAs according to the rule of complementary hybridization 
with prearranged DNA or cDNA (complementary DNA) samples with known sequences. 
In this analysis, fl uorochrome-conjugated mRNA or reverse-transcribed cDNA samples, 
known as probes, from a specifi ed cell type are applied to arrays of microspots coated 
with selected DNA samples of known sequences, inducing hybridization reactions. The 
fl uorescent levels of the spots with mRNA-hybridized DNA can be measured and used to 
represent the relative level of mRNA transcription in the selected cell type (Fig. 10.3). 
Because the DNA samples coated on the microarrays are selected with known structure, 
the hybridized mRNA or cDNA samples can be identifi ed. With the information accumu-
lated in the gene bank for the past decades, genes involved in most known diseases have 
been studied, identifi ed, and cloned. Thus, it is not diffi cult to establish gene microarrays 
that can be used for the identifi cation of genes involved in common diseases. A major 
advantage for the gene microarray analysis is that a single experiment can provide an 
expression profi le for a large number of genes.

To conduct a gene microarray analysis, it is necessary to follow several procedures, 
including the preparation of gene microarrays, preparation of fl uorochrome-conjugated 
mRNA or cDNA probes, probe-DNA hybridization, detection of the relative levels of 
mRNA or cDNA probes hybridized to DNA targets, and data analysis. Gene microarrays 
can be prepared by coating denatured genomic DNA, cDNA (DNA prepared by reverse-
transcribing mRNA), or synthesized oligonucleotide samples to arrays of DNA-binding 
spots created by photolithography on a glass slide of a centimeter size. Each spot can be 
as small as 50–350 μm in dimension. Thus, a large number of different DNA samples can 
be arranged in a single slide (>5000 spots/cm2), which is also known as a gene “chip.” In 
practice, it is considerably easier to prepare microarrays with oligonucleotides compared 
to those with DNA and cDNA. Oligonucleotides can be synthesized in single-strand 
format. An appropriate size of oligonucleotides for gene microarray analysis should be 
20–120 bases.



To detect the level of mRNA transcription from a cell sample, two types of probe can 
be synthesized from extracted mRNA: cDNA and RNA. cDNA probes can be synthesized 
by reverse transcription using extracted mRNAs as templates and the reverse transcriptase 
as a catalytic enzyme. Such a procedure produces single-stranded cDNA molecules. The 
cDNA probes can be conjugated with fl uorochromes for probe identifi cation. Alternatively, 
RNA probes can be synthesized from cDNA templates reverse-transcribed from mRNAs. 
In this preparation, T7 RNA polymerase is used to synthesize RNA molecules from 
double-stranded cDNA templates in the presence of fl uorochrome-labeled nucleotides. The 
synthesized RNAs can be used as probes for gene microarray analysis.

The next step is to apply the probe, either single-stranded cDNAs or RNAs, to gene 
microarrays. The probing cDNA or RNA molecules hybridize with target DNA molecules 
via hydrogen bonds on the basis of the DNA complementary rule. Excessive and unhybrid-
ized probes can be removed by washing. The fl uorescence of hybridized probes can be 
imaged and recorded from the microarrays by a laser scanner, and the intensity of 

Figure 10.3. An image of a microarray containing >5000 genes. Each spot features a pool of 
identical single-stranded DNA molecules representing a single gene. The brightness of the spot is 
proportional to the amount of fl uorescent mRNA hybridized to the DNA of the spot. The fl uores-
cence spots can be identifi ed by automated image analysis. The fl uorescence intensity from each 
spot can be measured and compared to the background fl uorescence. The images are further com-
pared to images obtained from control measurements and transformed into a gene expression 
matrix, which can be analyzed by numerical methods. (Reprinted by permission of the Federation 
of the European Biochemical Society from Brazma A, Vilo J: Gene expression data analysis, FEBS 
Lett 480:17–24, copyright 2000.)
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fl uorescence can be measured and analyzed. Such intensity represents the relative level of 
mRNA transcription. It is important to note that positive and negative controls should be 
introduced to the analysis. A positive control can be a selected cDNA probe that is known 
to hybridize to a target DNA, whereas a negative control is a cDNA probe that does not 
hybridize to a given target DNA.

The profi le of mRNA transcription derived from a gene microarray analysis can be 
analyzed and compared to the profi le of mRNA transcription from a normal or specifi ed 
control cell type. Thus, genes with altered transcription can be identifi ed from the micro-
array analysis. Although changes in the level of mRNA transcription may not indicate a 
gene defect or mutation, an increased, decreased, or null gene transcription suggests a 
candidate gene for further investigation. Once a gene with an altered transcription level 
is identifi ed, the gene can be cloned and analyzed for the identifi cation of structural muta-
tion. If no mutation is found, the alterations in gene expression refl ect changes in the regu-
latory activity for gene expression.

Extracting and Digesting DNA. Once a gene with altered mRNA transcription is identi-
fi ed as described above, DNA can be isolated and collected for gene analyses, including 
gene sequencing and identifi cation of gene mutation. To obtain DNA, a selected cell 
sample can be lysed (for cultured cells) or homogenized (for a tissue sample), and DNA 
can be extracted and purifi ed with established methods. Since DNA is a very large mole-
cule, it should be digested into short fragments for DNA manipulation. DNA digestion 
can be accomplished by using restriction enzymes, which are found in bacteria and are 
capable of cleaving DNA at specifi c sequences. Although restriction enzymes are origi-
nated from bacteria, they can cleave DNA molecules from all known species as long as 
the DNA contains digestion target sequences. Each DNA molecule contains a large 
number of restriction sites for various types of restriction enzyme. These restriction sites 
are randomly distributed. DNA fragments with desired lengths can be generated by select-
ing appropriate restriction enzymes based on the locations of restriction sites. The diges-
tion of target DNA at specifi ed sites is one of the most important genetic approaches used 
for DNA manipulation. It is impossible to clone genes without the assistance of the restric-
tion enzymes. It should be noted that restriction enzymes are not present in mammals. 
Thus, DNA molecules are not digested in the body systems under physiological 
conditions.

Restriction enzymes can cleave DNA into fragments with two different forms of 
end—sticky end and blunt end—depending on the type of restriction enzyme, but not the 
sequence of DNA. Some restriction enzymes, such as EcoRI, EcoRII, and HindIII, can 
cut the two strands of a DNA molecule unevenly, generating DNA ends with uneven strand 
length (the 3′ end is longer than the 5′ end or vise versa). The uneven end is also known 
as “sticky” end, so named because two such ends can hybridize to each other based on 
the complementary rule. Other restriction enzymes, such as HindII, HaeIII, and SmaI, cut 
the two strands of a DNA molecule evenly, leaving DNA ends with even strand length. 
The even DNA ends are also called “blunt” ends. In most cases, the substrate sequence 
for a restriction enzyme is identical for the two DNA strands at a given restriction site, 
but oriented in antiparallel directions. Thus, a “sticky” cut can produce two identical ends 
at a restriction site. This is a very useful feature for the creation of recombinant DNA. A 
“blunt” DNA end can be remodeled into a “sticky” end by an enzymatic treatment. Once 
DNA fragments are prepared, these fragments can be integrated into DNA vectors and 
used to create recombinant DNAs.



Constructing Recombinant DNA. The extracted and digested DNA fragments need to be 
further processed to generate DNA structures that can be cloned, screened for the desired 
gene, analyzed, and tested. An effective approach for such purposes is the construction 
of recombinant DNA. Recombinant DNA is a complex of DNA constructed by integrating 
a DNA fragment selected from a donor organism into a DNA vector collected from a 
different organism. The process of constructing a recombinant DNA is defi ned as DNA 
recombination. The purpose of DNA recombination is to generate functional genes in 
vitro, so that the gene of interest can be cloned, amplifi ed, tested, used for gene transfec-
tion, and expressed in the transfected cells and tissues.

Gene cloning is a process of gene replication, generating multiple copies of the same 
gene. For cloning a gene, it is necessary to prepare a gene cloning vector. A vector is a 
bacterial DNA structure that contains restriction sites, and can accept foreign gene inserts 
and replicate in living bacteria. A vector is often engineered to add multiple restriction 
sites for the insertion of foreign gene fragments and to add functional genes for the selec-
tion, identifi cation, and collection of the vector. A number of vector types, such as plas-
mids, λ phages, and cosmids, have been established and used in gene cloning. A typical 
plasmid vector carrying a LacZ gene (β-galactosidase gene) is shown in Fig. 10.4. The 
LacZ gene is often used as a reporter gene for gene selection or gene transfection.

To make recombinant genes, a selected donor DNA or cDNA fragment and a selected 
vector are treated with an identical type of restriction enzyme to generate the same type 
of “sticky” DNA ends. The enzyme-treated DNA fragment and vector are then incubated 
under a desired condition to hybridize the DNA fragment with the vector. At this stage, 
although the donor DNA and vector are joined with hydrogen bonds, the sugar–phosphate 
backbone is not linked together with phosphodiester bonds. An enzyme known as DNA 
ligase is needed to link the backbone, completing the recombinant process.

There are potential problems for DNA recombination. One problem is that the open 
ends of a vector may rejoin together without the insertion of donor DNA. Such vectors 
should not be included in the analysis. A gene selection method is usually used to remove 
the vectors that do not contain the inserted gene of interest. For this method, a selection 
gene, such as the β-galactosidase gene, is inserted into a selected vector in a cloning region 
with multiple restriction sites, also known as a polylinker or a multiple cloning site. The 
selection mechanism is that the β-galactosidase gene can be expressed when transfected 
into bacterial cells, only if the β-galactosidase gene is not interrupted by another gene. 
The insertion of a donor DNA fragment into the polylinker interrupts the structure of the 
β-galactosidase gene and renders the β-galactosidase gene unfunctional. When vectors 
without the donor DNA fragment are transfected into bacteria, the β-galactosidase gene 
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Figure 10.4. Schematic representation of the pUC18 plasmid vector containing a Lac Z gene.
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can be expressed. Expressed β-galactosidase can react with a reagent known as X-gal to 
produce a blue-colored substance, which can be visualized under an optical microscope. 
However, the β-galactosidase gene in the vector with the donor DNA insert cannot be 
expressed and no blue-colored substance is generated when reacted with X-gal. Thus, 
clones with inserted donor genes can be selected on the basis of the color expression.

Another problem is that dominant “blunt” ends may be generated for the donor DNA, 
reducing the effi ciency of donor DNA integration into the cloning vectors. To resolve such 
a problem, the donor DNA can be treated with a specifi c exonuclease that degrades the 
DNA at only the 5′ end, thus creating uneven “sticky” ends. However, the “sticky” ends 
of the donor DNA may not be complementary to the ends of a vector. To resolve such a 
problem, the open ends of the donor DNA fragment and the vector can be modifi ed by 
synthesizing a short sequence at the ends. Such a process can be induced by treating both 
the donor DNA and the vectors separately with terminal transferase in the presence of 
different yet complementary nucleotides. For instance, the donor DNA can be treated with 
terminal transferase in the presence of dTTP, whereas the vector can be treated with ter-
minal transferase in the presence of dATP. The added poly-T ends of the donor DNA are 
thus complementary to the poly-A ends of the vector.

Establishing a DNA Library. To identify and isolate the gene of interest from the gene 
pool containing all genes from a genome, it is necessary to establish a DNA library, which 
is defi ned as a collection of all gene clones from a cell sample of interest. A gene library 
can be established by using the procedures as described above, namely, extracting all DNA 
molecules, digesting the DNA with selected restriction enzymes into fragments of appro-
priate lengths, and inserting the DNA fragments into gene-carrying vectors. The vectors 
are then transfected into Escherrichia coli to establish E. coli colonies. Each E. coli colony 
is supposed to contain a specifi c DNA fragment. A DNA library is composed a large 
number of DNA fragments (Fig. 10.5). It is expected that one of these fragments contains 
the gene of interest. Such a gene can be identifi ed and isolated by using a specifi c DNA 
or RNA probe as discussed on page 433.

For establishing a DNA library, two issues should be taken into account: vector type 
used in the cloning process and the DNA source. Vectors can accommodate DNA frag-
ments with different sizes. Thus, vectors should be selected on the basis of the DNA 
fragment size. Plasmids and λ-phages are suitable for small DNA fragments, whereas 
cosmids and yeast artifi cial chromosomes (YACs) are used for large DNA fragments. 
Various vectors give different forms of DNA library. A plasmid or cosmid library is a 
collection of E. coli bacteria containing the cloned genes, a λ-phage library is a collection 
of λ-phages, whereas a YAC library is a collection of yeasts. The choice of vectors does 
not affect the structure of the cloned genes.

Another factor to consider in the construction of a DNA library is the source of DNA. 
DNA from two sources can be used for the construction: genomic DNA and complemen-
tary DNA (cDNA). The later is DNA synthesized from mRNA by reverse transcription. 
There are distinct features for the two types of DNA library. Genomic DNA contains 
introns and exons for all genes from a genome. A genomic DNA library is suitable for 
investigating the regulation of gene transcription, which requires the identifi cation and 
understanding of the regulatory cis elements located in the introns. In contrast, a cDNA 
library contains only exons that encode proteins. In addition, cDNA does not contain genes 
that are not transcribed into mRNA at a given time and state. Thus, a cDNA library is 
suitable for the identifi cation and isolation of expressed genes. Since most pathological 



disorders involve gene expression, creating a cDNA library is a practical approach for 
identifying genes that contribute to pathological disorders.

Selecting a Gene of Interest from a DNA Library. A DNA library may contain thousands 
of gene fragments. To fi nd and collect the gene of interest, it is necessary to screen the 
DNA library. There are two approaches that can be used for DNA screening: directly 
probing the gene of interest or probing the protein encoded by the gene integrated into 
the expression vector, which is designed to express proteins in cultured E. coli cells. For 
the direct DNA approach, it is necessary to establish a DNA probe, which is a single-
stranded DNA fragment or oligodeoxynucleotide, capable of hybridizing to its compli-
mentary strand. With the tag of an identifi cation marker to the probe, the target gene 
strand can be identifi ed and isolated. For the protein-probing approach, an antibody 
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specifi c to the protein produced by the gene of interest can be used to identify the protein, 
which leads to the identifi cation of the encoding gene.

As discussed on page 426, gene selection can start from the detection of mRNA tran-
scription in a cell sample selected from a disordered organ by gene microarray analysis. 
An altered transcription level (increase, decrease, or null) may help to identify a potential 
gene involved in the pathogenesis of a disorder. It is important to point out that a gene 
microarray analysis does not provide information about alterations in the gene structure. 
It merely demonstrates the level of mRNA transcription, suggesting potential genes for 
further analyses. It is the DNA library screening and probing that provide gene clones, 
which can be used for sequencing and functional analyses.

For direct gene probing, a key issue is how to design a DNA probe. A probe can be 
constructed according to a selected sequence within the gene of interest (identifi ed by 
gene microarray analysis), if the gene has been identifi ed. Usually, information for most 
human genes is available in the GenBank database, from which a gene sequence can be 
selected. A DNA probe or oligodeoxynucleotide can be synthesized based on the selected 
sequence. A DNA probe can also based on the structure of a protein, which may poten-
tially contribute to a pathological disorder of interest and is identifi ed via protein analysis. 
Once the identity of the protein is known (via sequencing or mass spectrometry), an oli-
godeoxynucleotide can be synthesized based on the amino acid sequence of the protein. 
It is important to note that most amino acids are coded by more than one gene codon and 
there may exist a number of DNA sequences for each given amino acid sequence. For 
instance, the amino acid tyrosine (Tyr or Y) is encoded by gene codons TAT and TAC, 
and serine (Ser or S) is encoded by TCT, TCC, TCA, and TCG. Thus, it may be diffi cult 
to defi ne the exact oligonucleotide sequence on the basis of a known protein sequence. To 
resolve such a problem, a fragment of protein with the minimal gene codon redundancy 
should be used. Furthermore, all possible DNA sequences for a selected protein fragment 
should be synthesized and mixed together. For a peptide sequence of 5 amino acids, 
including Tyr, Ser, Asp (asparagines), Cys (cysteine), and His (histidine), which are 
encoded by 2, 4, 2, 2, and 2 gene codons, respectively, 64 oligonucleotide strands need to 
be synthesized. The mixture of all these oligonucleotide strands should be applied to a 
DNA library for hybridization. The correct oligonucleotide fragment will hybridize to the 
gene of interest.

In addition to DNA probes, an antibody can be used as a probe to identify the protein 
product of a gene, thus identifying the gene indirectly. A key procedure for this approach 
is to induce protein expression. Such a task can be accomplished by using an expression 
vector. A cDNA fragment can be inserted into a selected expression vector in frame with 
the gene of a bacterial protein to generate a fusion protein. When E. coli cells are trans-
formed with the vector, the cells will produce the fusion protein that contains the protein 
encoded by the inserted cDNA and the bacterial protein. In the DNA library, the fusion 
protein is expressed within or near the gene clone. Since the structure of the bacterial 
protein is known, an antibody can be developed and used to screen the DNA library. Any 
clones marked with the antibody should contain the gene of interest. Such a clone can be 
excised and collected for further analyses.

Amplifi cation of the Selected Gene. The procedures described above can only produce a 
small amount of recombinant DNA. To carry out further DNA analyses such as DNA 
sequencing and transfection, the recombinant DNA must be amplifi ed to generate a suffi -
cient amount of DNA. An effective approach for DNA amplifi cation is to transfect E. coli 



cells with the identifi ed and isolated recombinant gene from the DNA library. Each recom-
binant gene can replicate into multiple copies once transfected into E. coli cells. These 
recombinant gene copies can be rapidly amplifi ed when E. coli cells grow. After cell 
culture for a day or two, billions of copies of each recombinant gene can be produced. 
The recombinant genes can be purifi ed and isolated. The copies of the gene are referred 
to as gene clones.

DNA can also be amplifi ed by using polymerase chain reaction (PCR), a method for 
in vitro DNA synthesis in the presence of a DNA template, DNA polymerase, DNA 
primers, and deoxynucleotides (dNTPs). This method can be used to select and amplify 
a DNA fragment of interest from genomic DNA by using an appropriate set of primers. 
In practice, a template DNA/cDNA fragment or a plasmid that contains a DNA fragment 
of interest is incubated in a PCR buffer supplemented with a temperature-resistant DNA 
polymerase (e.g., Teq DNA polymerase), DNA primers (specifi c to each selected DNA 
fragment), and dNTPs. The reaction mix is subject to about 30–35 thermal cycles with 
three alternating temperature levels for each cycle, including 95ºC, 60ºC, and 70ºC. The 
temperature 95ºC is for denaturing DNA, 60ºC is for primer annealing, and 70ºC is for 
DNA synthesis. After the PCR reaction, a million-fold of amplifi cation can be achieved. 
It is important to note that PCR is suitable for the amplifi cation of small DNA fragments 
(hundreds of base pairs) before the gene is inserted into a plasmid and for the selection 
of a gene fragment from a plasmid. PCR is not capable of amplifying large DNA mole-
cules, such as plasmids or cosmids.

DNA Sequencing and Analysis. Once a gene of interest is identifi ed, cloned, and isolated, 
the next steps are to confi rm the isolated gene, detect the sequence of the gene, and assess 
possible structural changes or gene mutation. A common approach used for the confi rma-
tion of the isolated gene is Southern blotting analysis, named after E. M. Southern, who 
initially developed the technique. To prepare for Southern blotting analysis, the isolated 
gene-containing vector should be amplifi ed as described on page 432 if the samples are 
not suffi cient, and the gene of interest should be removed from the cloning vector by 
digestion with restriction enzymes that cut and release precisely a selected DNA fragment. 
The removed DNA fragment can be fractionated by gel electrophoresis, transferred to a 
fi lter membrane, and detected with the probe used for DNA library screening or a different 
probe designed on the basis of the same gene. The probe-reacted band of DNA on the 
fi lter membrane is the gene of interest. The identifi ed band can be excised from the gel 
and used for gene sequencing and analyses.

To determine whether altered expression of a selected gene is due to gene defect or 
mutation, or due to merely a change in the regulatory activity of gene transcription, it is 
necessary to detect the sequence of the gene and compare it with that of a control gene. 
The sequence of a gene can be determined by using two methods: base destruction 
sequencing and dideoxy sequencing. For the fi rst method, DNA strands are labeled at the 
5′ ends with 32P, the double-stranded DNA is denatured (separated), and one strand is 
discarded. Copies from the remaining strand are separated into four groups and used for 
sequencing. Each group is treated with a chemical reagent that selectively breaks one or 
two of the four bases. The four groups are treated with four different chemicals. For 
instance, group 1 is treated with a chemical that degrades the bases A and G, group 2 
with a chemical for the base G, group 3 with a chemical for the base C, and group 4 with 
a chemical for the bases C and T. For each group, the degradation of the selected base 
results in the disruption of the DNA strand at all locations with the selectively degraded 
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base. When the degrading chemical is prepared in an appropriate concentration and reac-
tion is carried out for an appropriate period, only a fraction of the target bases is degraded 
for each copy of DNA. Since the chemical reaction is completely random and a DNA 
strand contains a large number of the same base, DNA strands can be disrupted at differ-
ent locations of the target base. Since a large number of DNA copies are present for each 
reaction with a selected degrading chemical, multiple DNA copies with an identical dis-
ruption location can be generated. For a group of 6 identical DNA copies, each contains 
3 Gs, a treatment with a degrading chemical specifi c to the Gs under a well-controlled 
chemical concentration may induce only one disruption for each copy of DNA with an 
equal degradation probability for the three Gs, possibly resulting in an equal number of 
DNA copies disrupted at each G location. On the basis of such a principle, the four groups 
of single-stranded DNA samples can be disrupted randomly at distinct locations. Each 
group is composed of DNA fragments disrupted at a given base type with an equal disrup-
tion probability for each location of the same base. Resulting DNA fragments from each 
group can be run in a designated lane in gel electrophoresis. All DNA bands in each lane 
lost the same base at the 3′ ends, which is the target of a selected degrading chemical. 
The 5′ ends of the DNA fragments are tagged with 32P for the purpose of identifi cation. 
By comparing electrophoretic results from all four groups, all ends of the DNA fragments 
can be read and analyzed, giving a sequence of the entire DNA strand.

For the dideoxy sequencing method, a single stranded DNA is prepared and used as a 
template for synthesizing DNA in the presence of dideoxy nucleotides (ddNTPs). A 
ddNTP contains a deoxyribose sugar that lacks the 3′-hydroxyl group. A ddNTP can be 
incorporated into a DNA chain, but DNA synthesis is terminated whenever a ddNTP is 
incorporated because of the lack of the 3′-hydroxyl group, which is necessary for DNA 
extension. In practice, single-stranded template DNA is divided into four groups, and DNA 
synthesis is carried out in the presence of DNA polymerase, primers labeled with a radio-
isotope or fl uorescent marker for identifi cation, and the four types of standard deoxynu-
cleotides (dATP, dTTP, dCTP, and dGTP). In addition, each reaction group is mixed with 
a distinct type of ddNTPs. Group 1 is mixed with ddATP, group 2 with ddTTP, group 3 
with ddCTP, and group 4 with ddGTP. For each reaction group, the ddNTP is mixed in 
such a percentage with respect to the dNTP that the ddNTP molecules are incorporated 
into only a fraction of growing DNA chains, while the remaining DNA chains incorporate 
the standard dNTPs at any given time. This gives an equal probability of ddNTP incor-
poration into each site of a corresponding dNTP. DNA synthesis continues when a dNTP 
is incorporated to the respective site, but stops when a ddNTP is incorporated. As a result, 
various sizes of DNA chains can be synthesized in each reaction group with all chains 
ending at the same ddNTP site. Synthesized DNA fragments of different sizes from each 
reaction group can be fractionated by gel electrophoresis in a distinct lane. Each DNA 
band indicates the relative location of a designated ddNTP. By comparing all four reaction 
groups (each reacted with a different ddNTP), the locations of all four ddNTPs can be 
determined. By reading along the electrophoretic lanes, the sequence of the DNA fragment 
can be resolved.

Testing the Function of the Selected Gene. Based on the gene sequence, gene mutation, 
if any, can be identifi ed by comparing with the sequence of a respective control gene from 
a gene database or from a specifi ed control cell sample. The next step is to design a 
physiological test and assess whether the identifi ed gene mutation infl uences the 
physiological function of the gene. A test may be prepared with the following procedures: 



(1) constructing a recombinant vector containing the gene of interest; (2) establishing a 
physiological testing system, which is usually cultured cells or an in vivo animal model; 
(3) transferring the vector into the physiological testing system; and (4) assessing the 
infl uence of the transferred gene on the function of corresponding proteins and related 
cellular activities.

A recombinant vector with a mutant gene can be constructed as shown in Fig. 10.6. 
Since gene expression is a critical process for the test, it is necessary to integrate into the 
vector a gene promoter, which drives the gene expression. Commonly used promoters 
include cytomegalovirus (CMV) promoter and simian virus (SV)40 promoter, but any 
promoter that drives the expression of the selected gene can be used. In addition, one may 
integrate a reporter gene, such as a β-galactosidase gene and a green or red fl uorescent 
protein gene, into the recombinant gene. The protein products of these reporter genes can 
serve as markers for the identifi cation of the cells with positive gene transfection and 
expression. The constructed vector can be amplifi ed by transforming and growing E. coli 
cells as described on page 432.

A functional test can be carried out in an in vitro cell culture system or an in vivo 
organ system. The in vitro system is easier to use and usually provides reliable informa-
tion. It should be kept in mind that the endogenous wildtype gene in the testing cells may 
likely interfere with the transferred exogenous gene, rendering it diffi cult to identify the 
infl uence of the transferred exogenous gene. To resolve such a problem, a cell line with 
null gene mutation (complete loss of the function of a wildtype gene, also referred to as 
gene knockout) should be used. Such a cell line can be obtained from a transgenic animal 

Figure 10.6. Schematic representation of the rat angiotensinogen (AGT) gene construct based on 
the adeno-associated virus (AAV)-derived plasmid. Plasmid pAAV-AGT-AS and pAAV-AGT-S 
were constructed by inserting a full-length cDNA (1.65 kb) of AGT into the unique Hind III site of 
the AAV-derived plasmid pTR-UF3 in antisense (AS) or sense (S) direction, respectively. AGT 
cDNA, indicated by the shaded arrow, is driven by a cytomegalovirus (CMV) early promoter 
(Pcmv). ITR, AAV inverted terminal repeat; IRES, polio virus type 1 internal ribosomal entry site; 
h-GFP, “humanized” victoria green fl uorescent protein gene. Other open bars and arrows represent 
other basic elements of the vector. (Reprinted from Tang X et al: Am J Physiol 277:H2392–9, 
copyright 1999 by permission of the American Physiological Society.)
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model without the gene of interest. Since the function of the selected wildtype gene is 
completely defi cient, the function of the transferred recombinant gene can be assessed by 
comparing to a control with the function of the corresponding wildtype gene.

The next step for testing the gene function is to transfer the gene construct into cultured 
cells. It is a natural property that cells can endocytose large molecules, including DNA, 
into the cytoplasm. A fraction of endocytosed DNA can go through the nucleus membrane 
and integrate into the genome. Several methods, including virus-, salt-, liposome-, recep-
tor-, and electroporation-mediated gene transfer, have been established and used to facili-
tate gene transfection into mammalian cells. The exogenous gene can be expressed 
transiently, producing encoded protein. The function of the transferred gene can be tested 
in several aspects, including the expression and function of the encoded protein as well 
as the activity of the host cells. Tests can be conducted at selected times after 12 hs from 
gene transfer. Protein expression can be detected by Western blotting or immunoblotting, 
which is a sensitive method for detecting a small amount of protein. A comparison to a 
sample from control cells with the corresponding wildtype gene demonstrates alterations 
in the mutant protein in terms of molecular weight and expression level. A functional test 
can be designed according to the nature of the protein. If the protein of interest is an 
enzyme, the catalytic activity of the protein can be assessed by detecting changes in the 
substrate protein. In vitro tests can be carried out by using an isolated enzyme and sub-
strates. The infl uence of the transferred gene on the host cells can be assessed by measur-
ing changes in a cellular activity known to be related to the transferred gene.

Constructing a Recombinant Therapeutic Gene. Once the pathological role of a mutant 
gene is identifi ed, the next step is to design and construct a therapeutic gene that can be 
used to restore the physiological function of the gene (Fig. 10.7). Methods described on 
page 429 can be used for this purpose. Recall that there exist several types of genetic 
disorders, including chromosomal defects, simple inherited genetic defects, and multifac-
torial defects. Different strategies should be used for these types of genetic disorder. For 
chromosomal defects, since a large amount of DNA is involved, it is diffi cult to restore 
the structure and function of the defect chromosomes. For a simple inherited genetic 
defect, sine a single gene is usually involved, a corresponding wildtype gene may be iso-
lated, cloned, and used to construct a therapeutic gene, which can be used for correcting 
the defect gene. For multifactorial defects, it is necessary to identify the genes involved 
and determine the pathogenic mechanisms of the disorder, based on which therapeutic 
genes can be constructed to modulate the activity of the mutant genes. For instance, the 
upregulation of multiple growth factor genes may contribute to the initiation and develop-
ment of atherosclerosis. Growth inhibitor genes can be constructed and transferred into 
vascular cells to inhibit the activity of growth factors and thus to suppress 
atherogenesis.

Transfection of Target Cells with a Therapeutic Gene. The primary goal of molecular 
engineering is to correct pathological disorders due to gene mutation or changes in gene 
activities. An effective approach is to transfer therapeutic genes, as constructed on page 
429, into target cells to restore the structure and function of the mutant or altered genes. 
Such an approach is referred to as gene therapy. The transferred genes, once in the cyto-
plasm, can be transported to the cell nucleus, integrated into the genome, and expressed 
to produce corresponding proteins. It is expected that the newly expressed proteins can 
function in place of the corresponding mutant proteins, thus reducing or suppressing 



mutant protein-induced pathological disorders. Investigations for the past decade have 
provided tremendous evidence for the potential application of gene therapy to human 
disorders.

There are two general approaches that can be potentially applied to human gene 
therapy: embryonic gene transfer and somatic gene transfer. For embryonic gene transfer, 
a blastocyst is collected from a pregnant animal, and a therapeutic gene is injected into 
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Figure 10.7. Construction of a therapeutic gene vector. Based on bibliography 10.2.
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the cells of the blastocyst to induce site-specifi c gene integration or homologous gene 
recombination. Embryonic cells from the blastocyst are stem cells. Once these stem cells 
carry the therapeutic gene, the gene can be passed to differentiated cells. Gametes may 
also carry the therapeutic gene and pass it to next generations. The transferred gene may 
function in place of the mutant gene. This is potentially an effective approach for the 
correction of pathological disorders due to hereditary gene defect or mutation. However, 
procedures for blastocyst collection induce cell injury and death. A safe, reliable, and 
effective technique has not been established for the treatment of hereditary human disor-
ders. A technically similar technique has been used to modulate or remove selected genes 
in the embryonic stem cells of animals for the establishment of transgenic models. These 
models have been used extensively in scientifi c research.

Somatic gene transfer is an approach used for transferring therapeutic genes into the 
somatic cells of humans and animals after birth. Obviously, it is impossible to transfer a 
gene into all somatic cells in the body. Thus, this approach is used for gene transfer into 
selected target cells. Although mammalian cells are capable of taking up DNA, a process 
known as endocytosis or “naked gene transfer,” the rate of DNA taking up is very low. A 
number of gene transfer-mediation methods, including virus-, liposome-, receptor-, elec-
troporation-, salt-mediated gene transfer, have been established to facilitate gene transfer 
into mammalian cells. Each of these gene transfer strategies has strengths and weaknesses. 
The therapeutic effi cacy and effectiveness differ between these mediation methods. The 
viral approach usually results in a higher rate of gene transfection and longer period of 
gene expression than do the nonviral approaches. However, viral carriers may cause infec-
tious disorders and gene mutation in transfected cells. In contrast, the nonviral approaches 
are safe and easy to carry out, and exhibit low immunogenicity. However, their effi cacy 
is relatively low and the expression duration of the transferred gene is short compared to 
the viral approach.

The choice of a gene transfer approach may also be dependent on the structure, func-
tion, and accessibility of the target tissue or organ. For instance, electroporation may be 
applied to the skin and skeletal muscle cells for gene transfer, but not to the heart and 
brain, because these organs are diffi cult to access and electroporation causes cell injury 
and death. In contrast, viral gene carriers and liposome can be used for gene transfer into 
target cells in most types of tissues and organs. Furthermore, various cell types may 
possess different capabilities of accepting foreign genes, and the cell state may also infl u-
ence the rate of gene transfer for a given type of gene transfer mediation approach. For 
instance, retroviral gene carriers can infect dividing cells, but not nondividing cells, 
whereas adenoviral gene carriers can infect both dividing and nondividing cells. However, 
the retroviral approach may induce more stable gene expression than the adenoviral 
approach. Thus, all possible factors should be taken into account for the choice of a gene 
transfer approach. Here, several common gene transfer mediating approaches are briefl y 
discussed.

Virus-Mediated Gene Transfer. Several types of virus, including retrovirus, adenovirus, 
adeno-associated virus, herpes simplex virus, have been used as gene carriers for mediat-
ing gene transfer into mammalian cells. The basis for virus-mediated gene transfer is that 
viruses are capable of infecting mammalian cells, carrying therapeutic genes, and inte-
grating the carried genes into the host cell genome. Viruses can be modifi ed or genetically 
engineered to remove harmful components and accommodate desired therapeutic gene 
fragments. Once transferred into the cell, viruses are able to integrate their genome into 



the host genome and use the synthetic machineries of the host cells to produce viral DNA, 
RNA, and proteins. Thus, viruses are natural gene transfer carries. To be used for gene 
transfer mediation, a viral gene carrier ought to be replication-defi cient, nonimmunogenic, 
and nontoxic, but are able to facilitate gene transfer to the genome of a target cell. The 
choice of a viral carrier for gene transfer is dependent on the nature of the virus and the 
state of the target cells, as we will see in the following sections.

retrovirus-mediated gene transfer. Retroviruses belong to a family of RNA viruses. 
A typical retrovirus contains two parts: the viral core and the envelope. The viral core is 
composed of two identical RNA strands and several enzymes, including reverse transcrip-
tase, protease, and integrase. The envelope, composed of a membrane and glycoproteins, 
encloses the viral core. Common retroviruses used for gene transfer include Moloney virus 
and lentivirus. The Moloney virus is a murine leukemia virus that causes lymphoid leu-
kemia in mice. The lentivirus is a retroviral strain that causes maedi (a chronic pulmonary 
disease found in Iceland) and visna (a disease affecting the central nervous system and 
causing paralysis) in sheep.

Retroviruses can interact with mammalian cells through cell membrane receptors, and 
enter the cell through receptor mediation. In the cytoplasm, the viral RNA genome can 
be converted into DNA by the reverse transcriptase. The converted DNA can be integrated 
into the host genome and replicate together with the host DNA during cell division. Thus, 
genetic information of the virus can be transmitted to the genome of the host cell and 
carried to the next generation. Any foreign genes that are inserted into the retroviral 
genome can be integrated into the host genome. The virus itself can produce viral proteins 
based on the viral mRNA and reproduce the same type of virus.

The RNA of the retrovirus can be engineered through a packaging process, generating 
viral vectors. Briefl y, retroviral particles can be modulated to remove a selected RNA 
sequence known as the packaging signal, which is responsible for packaging the RNA 
core into the viral envelope. When transfected into a host cell line, the viral particles can 
express functional genes, such as env, gag, and pol. The env and pol genes encode viral 
envelope proteins, whereas the gag gene encodes the reverse transcriptase. While the virus 
is able to convert its RNA to DNA and produce necessary proteins for the construction 
of the viral envelope, it cannot pack the core RNA into the envelope. At the same time, 
another group of viral particles is selected and engineered to remove selectively the 
harmful sequences without modulating the packaging signal. A therapeutic gene fragment 
can be inserted into the viral genome to generate a recombinant viral gene carrier. When 
the recombinant viral gene carrier is transfected into the same host cell line containing 
the empty viral envelopes, the recombinant gene carrier can be packed into the empty 
envelopes under the action of the packaging signal, thus generating a complete viral 
structure that contains the therapeutic gene without the harmful gene sequences. This 
engineered viral structure is harmless and nonreplicable, and can be used to for gene 
transfer. Retrovirus-derived gene carriers have been used in experimental models and 
clinical trials.

There are several advantages for retrovirus-derived gene carriers. These carriers can 
induce a high rate of gene integration into the host cell genome with relatively stable and 
long-term expression (several months). However, retroviral gene carriers exhibit several 
disadvantages, including toxicity and limitation of effectiveness to only dividing cells. In 
particular, retroviral vectors may be potentially tumorigenic. The integration of a viral 
gene into the host cell genome may induce mutation of tumor suppressor genes or 
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oncogenes, potentially leading to tumorigenesis. Furthermore, viral genes can be expressed 
to generate viral proteins, which potentially cause host cell immune reactions, a potential 
factor that reduces the stability of the transfected gene and the duration of gene 
expression.

adnovirus-mediated gene transfer. Adenoviruses are double-stranded DNA viruses 
and belong to a family composed of more than 30 serotypes. Many of the serotypes invade 
human cells and cause infectious disorders of the upper respiratory tract, known as cold 
or fl u, and conjunctivae. Others infect the simian, bovine, canine, avian, and murine 
species. The mechanisms by which the adenovirus enters mammalian cells and causes 
infection remain poorly understood. It has been hypothesized that cell membrane receptors 
specifi c to adenoviral proteins may mediate the invasion of viruses (Fig. 10.8).

The genome of adenoviruses can be modifi ed to remove replication control sequences 
and thus to prevent adenoviral replication and to eliminate toxic infl uence. The DNA 
genome of a typical adenovirus contains several regions, including E1 to E4. The E1 region 
is responsible for viral replication. The replacement of the E1 region with a foreign gene 
results in the generation of replication-defective viruses. Such engineered adenoviruses 
can be used as a gene transfer carrier. There are several advantages for the use of adeno-
viruses in gene transfer. First, the adenoviral gene carrier can induce a relatively high 
effi ciency of gene transfection compared to a retroviral carrier. Second, an adenoviral 
carrier can infect both dividing and non-dividing cells. Third, an adenoviral vector can 
carry large DNA inserts [≤8 kb (kilobases)]. However, gene transfer mediated by the 
adenoviral vector often results in a relatively low rate of gene integration into the host cell 
genome and a short duration of gene expression (about several weeks). Although the toxic-
ity of adenoviruses is lower than that of retroviruses, the viral particles can still induce 
infectious disorders in the host cells. Furthermore, the expressed viral proteins can induce 
host immune reactions, a potential factor that reduces the stability of the transfected gene 
and the duration of gene expression.

adeno-associated virus as a gene carrier. Adeno-associated virus belongs to a 
family of nonpathogenic human parvoviruses with a single-stranded DNA genome. This 
viral type is smaller than other types of viruses and cannot replicate unless associated 
with helper viruses, usually adenoviruses or herpesviruses. In the absence of helper 
viruses, the adeno-associated virus usually integrates its genome into the host chromo-
somal DNA and enters a latent state. Adeno-associated viruses can infect dividing as well 
as nondividing cells, and cause stable and long-term gene expression. Compared to the 
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Figure 10.8. Schematic representation of adenovirus-mediated gene transfection.



adenovirus, the adeno-associated virus exhibits reduced immunogenicity and toxicity, 
since this virus consists of fewer genes that encode proteins harmful to the host cells. In 
a typical adeno-associated viral vector, the only wildtype sequences left are the inverted 
terminal repeats (ITRs) that fl ank the inserted gene cassette. These sequences are neces-
sary for the packaging of the viral genome. Because of the lack of the replication capabil-
ity, it is not necessary to modulate the genome of the adeno-associated virus for gene 
transfer. A desired therapeutic gene can be directly inserted into the viral genome and the 
viral vector can be used for gene transfer (Fig. 10.9). This type of virus has been exten-
sively used for gene transfer in experimental models. However, adeno-associated viral 
vectors can accommodate relatively small gene inserts because of its limited genome size. 
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Figure 10.9. Adeno-associated virus as a vector for gene transfection. (A) The structure of the 
wildtype adeno-associated virus (AAV) is shown. A single-stranded DNA genome is encompassed 
by palindromic inverted terminal repeats (ITRs). The rep open reading frame (ORF) encodes pro-
teins that are involved in viral replication, and the cap ORF encodes proteins that are necessary 
for viral packaging. AAV integrates into the human genome at a specifi c locus on chromosome 19 
(red) and persists in a latent form. It can exit this stage only if the cell is co- or superinfected with 
helper virus such as adenovirus (Ad) or herpes simplex virus (HSV), which provide factors neces-
sary for active AAV replication. (B) The generic genedelivery vector based on AAV is depicted. 
The viral genome is replaced by an expression cassette, which usually consists of a promoter, 
transgene, and polyA (pA) tail. For production of the recombinant virus (rAAV), Rep and Cap 
proteins as well as Ad or HSV elements (Ad E1, E2 and E4, or f6) have to be provided in trans. 
Examples of intracellular forms of the delivery vector that are responsible for transgene expression 
following transduction with rAAV (double-stranded circular episomes and randomly integrated 
vector genomes) are depicted in red. (Reprinted by permission from Macmillan Publishers Ltd.: 
Vasileva A, Jessberger R: Nature Rev Microbiol 3:837–47, copyright 2005.)
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The effi ciency of gene transfer mediated by adeno-associated viruses is usually lower than 
that mediated by adenoviruses.

herpes simplex virus-mediated gene transfer. Herpes simplex virus belongs to a 
family of double-stranded DNA viruses that cause herpes simplex in humans. The virus 
can also be found in other mammalian species, such as canine, bovine, and simian. The 
virus can invade mammalian cells, integrate its DNA into the host genome, and mature 
in the host nucleus. This type of virus has been used for mediating gene transfer in experi-
mental models. Herpes simplex virus-derived gene vectors can carry large gene fragments, 
infect dividing as well as non-dividing cells, and induce effi cient gene transfection. 
However, the duration of gene expression mediated by herpes simplex viruses is often 
shorter (about one week) than that mediated by retroviral and adenoviral vectors. A pos-
sible reason is that herpes simplex viruses induce cytotoxic and/or immune reactions in 
the host cells, which shut down the expression of the transfected gene. A herpes simplex 
viral vector lacking the harmful genes, such as the immediately early genes, exhibits much 
reduced toxicity, improved gene transfection effi cacy, and prolonged gene expression, as 
demonstrated in experimental models.

Receptor-Mediated Gene Transfer. Certain types of cell membrane receptors can be used 
to mediate gene transfer. A typical example is the transferrin receptor, which interacts 
with transferrin. The transferrin molecules can spontaneously link to a polymeric linker, 
such as polylysine, which can also link to DNA fragments at different sites, forming 
DNA–polylysine–transferrin complexes. These complexes can adhere to the cell mem-
brane through the interaction of transferrin with the transferrin receptor (Fig. 10.10). Such 
an interaction activates the endocytosis mechanism of the target cells, which in turn take 
up the triplet DNA complexes. The transferred DNA complexes can be transported from 
the cytoplasm to the nucleus via endosomes.

Although the receptor-mediated gene transfer approach has been successfully used to 
transfer genes into mammalian cells, the transfer effi ciency is low because most DNA 
molecules are trapped in the endosomes and cannot be released before degradation. To 
reduce DNA degradation and facilitate gene transport, a codelivery of replication-
defective adenoviruses can improve the effi ciency of receptor-mediated gene transfer. The 
mechanism for this enhancement is that endocytosed adenoviruses can disrupt the endo-
some membrane. Thus, the cotransferred triplet DNA complexes can be released. In this 
preparation, the DNA fragments are not inserted into the genome of the adenovirus. The 
virus is merely used as a gene transfer helper.
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Figure 10.10. Schematic representation of receptor-mediated gene transfection.



Liposome-Mediated Gene Transfer. Liposomes are lipid vesicles of ∼200 nm in diameter. 
Lipid molecules can spontaneously form multilaminar vesicles, which can be converted 
to smaller uni-laminar vesicles by sonication. Each liposome contains about 2500 lipid 
molecules. Each lipid molecule is composed of a hydrophilic and hydrophobic end. When 
liposomes are mixed with a water-based fl uid, the hydrophilic end of the lipid molecule 
interacts with the water molecules and the hydrophobic end is enclosed inside. When 
liposomes and DNA molecules are mixed, liposome–DNA complexes can form spontane-
ously. The interaction between positive and negative charges is responsible for the complex 
formation. Some types of liposome, such as lipofectin (N-[1-(2,3-dioleyloxy)propyl]-
N,N,N-trimethylammonium chloride), derivatives of cholesterol and diacyl glycerol, and 
lipopolyamines, are positively charged at the hydrophilic heads on the external surface of 
the vesicle. DNA molecules are negatively charged at the phosphate groups. The positively 
charged liposomes can form complexes with the negatively charged DNA molecules. 
There exist also negatively charged liposomes. These liposomes may repel negatively 
charged DNA molecules and are not suitable for mediating gene transfer. However, some 
negatively charged liposomes may entrap DNA molecules within the lipid vesicles to form 
DNA–liposome complexes. The negatively charged liposomes are less effi cient in gene 
transfer than positively charged liposomes.

Liposomes have long been used for mediating gene transfer into mammalian cells. 
Although the transfection mediated by liposomes is not as effective as that by viral vectors, 
the effi ciency of gene transfection is acceptable. There are several mechanisms underlying 
liposome-mediated gene transfer. First, liposome–DNA complexes can bind to the lipid 
cell membrane. Cationic liposomes attach to the cell membrane more effi ciently than 
anionic liposomes, because the cell membrane is more negatively charged. Attached lipo-
some–DNA complexes can be either endocytosed or fused into cells (Fig. 10.11). The 
endocytosed liposome–DNA complexes are transported and released into cytoplasm by 
endosomes. Some liposomes may be degraded by lysosomal enzymes before being released 
into cytoplasm. Second, liposome-DNA complexes can diffuse directly through the 
nucleus membrane and enter the cell nucleus.

Calcium Phosphate-Mediated Gene Transfer. Calcium phosphate can bind to DNA to 
form complexes that facilitate precipitation of DNA molecules to the cell surface. The 
interaction of calcium phosphate–DNA complexes with the cell membrane triggers cell 
endocytosis, by which DNA molecules are taken up and transported into the cytoplasm. 
A fraction of the endocytosed DNA can reach the nucleus, while the remains are degraded 
in the cytoplasm. There are several advantages for the use of calcium phosphate: (1) 
calcium phosphate is a physiological ingredient and is harmless to the host cells—calcium 
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Figure 10.11. Schematic representation of liposome-mediated gene transfection.
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phosphate is probably the safest substance among those used for mediating gene transfer 
and (2) calcium phosphate is easy to prepare and use. The only procedures involved in 
gene transfer are preparation of a calcium phosphate buffer supplemented with DNA and 
delivery of the DNA mix to target cells. However, the effi cacy of calcium phosphate-
mediated gene transfer is generally lower than that mediated by viral vectors and 
liposomes.

Electroporation-Mediated Gene Transfer. Electroporation is electrophysical process that 
induces the formation of hydrophilic pores in the cell membrane under the infl uence of 
an electric fi eld. When cells are subject to an electric fi eld between two electrodes, an 
electric pulse of appropriate voltage can induce the formation of pores in the cell lipid 
membrane. The rate of pore formation and the size of the pores are dependent on the 
maximal voltage across the cell membrane. The higher is the voltage, the higher is the 
rate of pore formation and the larger is the pore size. The duration of the pore opening is 
proportional to the duration of the electric pulse delivered to cells. The duration of electri-
cal pulse may also affect the pore size. The longer is the duration of the electrical pulse, 
the larger is the pore size. Pores about 10 nm in diameter can be achieved in mammalian 
cell membranes by selecting an appropriate voltage. Short pulses usually result in a 
uniform population of small pores with a short duration of pore opening.

The process of electroporation is transient and reversible. After the termination of an 
electric pulse, the cell membrane pores shrink gradually and sealed eventually within 
several minutes. During the period of pore opening, DNA fragments present in the buffer 
can enter the cytoplasm and migrate into the cell nucleus. There are several possible 
mechanisms for the entrance of DNA fragments into the cytoplasm: (1) DNA fragments 
may directly move into the cytoplasm through the cell membrane pores, (2) DNA may be 
transported into the cytoplasm by osmotic forces established with respect to the concentra-
tion gradient of the DNA molecules, (3) electroporation may enhance endocytosis of the 
DNA fragments attached to the cell membrane, and electroporation may impose electro-
phoretic infl uence on the DNA fragments, enhancing DNA transport into the cytoplasm.

Electroporation is a highly effi cient approach for gene transfer and has been extensively 
used in gene transfer for cultured cells. It has also been used for in vivo gene transfer into 
cells in accessible tissues and organs, such as the skin and skeletal muscle (Fig. 10.12). 
The effi cacy of gene transfer mediated by electroporation is usually higher than that medi-
ated by liposome and calcium phosphate, but lower than that mediated by viral vectors. 
A signifi cant drawback for electroporation is cell injury induced by electrical pulses. In 
cell culture models, a standard electrical pulse (1000 V/cm in voltage), which causes effec-
tive gene transfer, may induce injury or death in about 30–50% of cells. Electroporation 
also causes cell injury and death for in vivo gene transfer. Thus, the voltage level for 
electroporation should be optimized to minimize cell injury through trial and error experi-
ments for each specifi c type of cell, tissue, and organ.

Gene Gun-Mediated Gene Transfer. This is approach mediated by gene particle bombard-
ment. Microparticles coated with the gene of interest can be accelerated by a force (e.g., 
a pressure) to penetrate through the cell membrane and thus to deliver the gene into the 
cytoplasm or the cell nucleus. The force used for gene transfer can be controlled to achieve 
an appropriate distance of penetration. This technique is easy to use and is effi cient com-
pared to other gene transfer-mediating approaches. However, bombardment induces cell 
injury and death.



Assessing the Expression of the Transfected Gene. One of the most important steps in 
molecular engineering is to assess the expression of the transferred gene. Reporter genes 
are often used for such a purpose. Reporter genes are recombinant genes that encode 
proteins exhibiting special signs for visualization and thus can be used as markers for 
assessing the level of gene expression. Major criteria for the construction of a reporter 
gene are that the genes or expressed proteins are nontoxic, do not infl uence the function 
of the host cell, can be identifi ed, and are not expressed in the target cell. Several types 
of reporter genes have been established and used for gene transfer. These include the β-
galactosidase (gal) gene, luciferase gene, chloramphenicol acetyltransferase (CAT) gene, 
and fl uorescent protein genes.

The β-galactosidase gene encodes a protein enzyme known as galactosidase and is 
found in E. coli cells. β-Galactosidase is a hydrolase that catalyzes the hydrolysis of the 
terminal residues of β-galactoside, forming d-galactose. d-galactose can react with x-gal, 
a chemical compound, to form a blue-colored substance. This feature has been used for 
detecting the effi ciency of gene transfer. The presence of the blue color in cells transfected 
with the β-gal gene indicates the expression of this gene. β-galactosidase is not expressed 
in mammalian cells and nontoxic to the host cells. It is commonly used as a reporter gene 
in experiments of gene transfer. The β-galactosidase gene can be cotransferred with a 
therapeutic gene into target cells. It is assumed that the expression of the β-galactosidase 
gene indicates the expression of the cotransferred therapeutic gene. Alternatively, the β-
galactosidase gene can be inserted into a recombinant vector that carries a therapeutic 
gene. The expression of the β-galactosidase gene is usually associated with the expression 
of the therapeutic gene. The second approach is preferable for detecting the effi ciency of 
gene transfer.
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Figure 10.12. Schematic representation of electroporation-mediated gene transfection.
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The luciferase gene encodes a protein enzyme that oxidizes luciferin and is found in 
certain types of fi sh and insects, such as fi refl y bugs. The oxidization reduces luciferin to 
a compound that emits fl uorescence. The emitted fl uorescence can be observed by using 
a fl uorescence microscope. Alternatively, the intensity of the emitted fl uorescence can be 
detected by spectrophotometry. Since the luciferase gene is not expressed in mammalian 
cells, this gene can be used as a reporter gene for detecting the effi ciency of gene transfer 
in terms of the fl uorescence emitted by the luciferase substrate. In a cell sample transfected 
with the luciferase gene, positive fl uorescent emission from the cell sample in the presence 
of luciferin indicates the expression of the transferred luciferase gene. In contrast, the 
absence of fl uorescence in the presence of luciferin indicates the failure of gene transfer. 
Alternatively, an antiluciferase antibody developed by using luciferase as an antigen can 
be used to detect the expressed enzyme by immunohistochemistry. Luciferase is harmless 
to mammalian cells and is commonly used for the assessment of gene transfer 
effi ciency.

The chloramphenicol acetyltransferase gene encodes chloramphenicol acetyltransfer-
ase (CAT), an enzyme that catalyzes the transfer of a catyl group from acetylcoenzyme 
A to the 3′-hydoxy position of chloramphenicol, C11H12Cl2N2O5, which is a broad-spec-
trum antibiotic derived from Streptomyces venezuelae (fungus-like bacteria). The gene 
is not present in mammalian cells and can be used as a reporter gene for detecting the 
effi ciency of gene transfer. The CAT catalytic activity can be monitored by a liquid 
scintillation enzyme assay and used for assessing gene expression. For the liquid scintil-
lation enzyme assay, cell extracts can be incubated in a reaction mix containing 14C- or 
3H-labeled chloramphenicol and n-butyryl coenzyme A. When the CAT gene is expressed, 
the CAT transfers the n-butyryl group of the n-butyryl coenzyme A molecule to chlor-
amphenicol, forming n-butyryl chloramphenicol. The reaction products can be extracted 
with a small volume of xylene. The n-butyryl chloramphenicol compound can be parti-
tioned into the xylene phase, while unmodifi ed chloramphenicol remains predominantly 
in the aqueous phase. The xylene phase is mixed with scintillant and counted with a 
scintillation counter for the radioactivity of 14C or 3H, which is conjugated to chloram-
phenicol. The presence of radioactivity indicates the expression of the transferred 
CAT gene.

There are natural fl uorescent protein genes that encode proteins capable of emitting 
fl uorescence. These genes are found in certain types of fl orescent fi sh and insects. One of 
the most commonly seen natural fl uorescent proteins is the green fl uorescent protein, 
which is encoded by the green fl uorescence protein gene. Recombinant fl uorescent genes 
that encode red and cyanine proteins have been artifi cially constructed by modulating the 
gene sequences of natural fl uorescence protein genes. These genes can be used as reporter 
genes for assessing the effi ciency of gene transfer. Two methods can be used for such a 
purpose: (1) a fl uorescence protein gene can be cotransferred with a therapeutic gene into 
target cells and used to assess the expression of the therapeutic gene or (2) a fl uorescent 
protein gene can be inserted into a recombinant vector that contains a functional or thera-
peutic gene (Fig. 10.6). The fl uorescent gene can be expressed together with the therapeutic 
gene when transfected into target cells, thus indicating the effi ciency of gene transfer. It 
is important to note that the fl uorescent protein gene should be inserted into an appropriate 
site that does not infl uence the transcription of the therapeutic gene. Such a site is usually 
located at the end of the therapeutic gene. However, trial-and-error experiments should 
be carried out to search for a correct insertion site. An advantage by using the fl uorescent 
protein gene is that fl uorescent signals can be examined in living cells, allowing the 



observation of dynamic changes in molecular action. Thus, fl uorescent protein gene has 
been extensively used in cell biology research.

Assessing the Effectiveness of Gene Transfer. An important aspect of gene therapy is 
to test the effectiveness and effi cacy of gene therapy. One of the critical issues is whether 
gene transfer restores the physiological function of the target gene, cell, tissue, and organ, 
and corrects pathological alterations due to genetic disorders. The design of a test is largely 
dependent on the function of the target gene as well as the structure and function of the 
target cells. For instance, for a gene that encodes an enzyme, such as a matrix metallo-
proteinase, the level and activity of the enzyme can be detected before and after the gene 
transfection. The level of the enzyme can be assessed by immunoblotting analysis, and 
the function of the enzyme can be evaluated by detecting the level of the substrate modi-
fi cation. For a gene that encodes a protein responsible for regulating a specifi c cell activity, 
such as smooth muscle cell contractility, the level of the protein and the degree of cell 
activity can be assessed before and after the gene transfection. Similarly, the level of cell 
proliferation and apoptosis can be measured to assess the effectiveness of delivered genes 
that encode proteins for the regulation of cell mitogenic and apoptotic activities, respec-
tively. Regardless of the gene type, a signifi cant phenotype change in response to gene 
transfection suggests the effectiveness of the therapeutic gene.

Potential Negative Effects of Gene Transfer. Gene transfer may not be always benefi cial 
and may potentially induce harmful effects:

1. Gene transfer requires the mediation of gene carriers, which are often toxic (lipo-
somes), traumatic (electroporation and bombard), or infectious (adenovirus and 
retrovirus). These mediating approaches may negatively infl uence the function of 
host cells.

2. It is diffi cult to control the gene insertion sites in the target genome. Gene transfer 
by any mediating means may potentially cause gene insertion into incorrect sites in 
the genome, resulting in host or guest gene mutation, upregulation, or 
downregulation.

3. A therapeutic gene may be suitable for certain physiological functions, but may 
negatively infl uence other functions. A typical example is the genetic manipulation 
of the ras gene, which encodes the Ras protein, a critical molecule for the transduc-
tion of mitogenic signals and for the regulation of cell survival and proliferation. 
Because of its proproliferative effect, the ras gene has been considered a potential 
gene target for the treatment of atherosclerosis and cardiovascular hypertrophy. 
However, the suppression of the ras gene, while potentially reduces the proliferative 
activity, inevitably causes a negative effect on other functions mediated by this 
protein such as cell survival. Thus, the potential negative effects of gene transfer 
should be taken into account in the design of a molecular engineering approach.

HOMOLOGOUS RECOMBINATION [10.3]

Homologous recombination is a natural process by which DNA damages, such as dou-
blestrand breaks (DSBs) and interstrand crosslinks, are repaired by generating a functional 
DNA copy with the homologous DNA sequence of the intact sister chromatin as a template 
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and replacing precisely the damaged DNA sequence. This process can completely restore 
the structure and function of the damaged DNA. Thus, homologous recombination is an 
ideal genetic approach for the correction of a mutant gene and can be utilized for thera-
peutic purposes.

Homologous recombination is originally discovered in yeast and E. coli. In mammalian 
cells, homologous recombination is rare, but is signifi cantly increased in frequency when 
DNA double-strand breaks occur. Thus, one strategy to induce homologous recombination 
in mammalian cells is to introduce double strand breaks to desired target genes, which 
are responsible for the disorder of interest. The natural homologous recombination machin-
ery in the cell is capable of recognizing the double-strand breaks on the target gene and 
initiating homologous gene recombination or site-specifi c gene replacement, resulting in 
the restoration of the structure and function of the mutant gene.

An effective approach for introducing DNA double strand breaks to a target gene is to 
deliver specifi c zinc fi nger nucleases to cells or tissues. Zinc fi nger nucleases are proteins 
that can recognize and cut target DNA at specifi c sites, induce double-strand breaks, and 
enhance site-specifi c homologous recombination. A typical zinc fi nger nuclease is com-
posed of characteristic zinc fi nger domains. Each zinc fi nger domain consists of about 30 
amino acids and can bind a zinc ion, which is critical to the stability and function of the 
zinc fi nger protein. A zinc fi nger protein can recognize and bind to a specifi c target gene 
by interacting with the major groove of the DNA double helix. The catalytic domain of 
the zinc fi nger nuclease can then cut the double strand of the bound DNA, resulting in 
double strand breaks.

Zinc fi nger nucleases can be designed and constructed with high specifi city to desired 
target DNA sequences. To date, several types of three-fi nger zinc fi nger nucleases have 
been constructed with specifi city to unique triplet DNA sequences, including 5′-ANN-3′, 
5′-CNN-3′, 5′-GNN-3′, and 5′-TNN-3′, where N represents any nucleotide. Determination 
of the specifi city of a zinc fi nger nuclease is based on the structure of the protein enzyme 
and the target triplet nucleotides.

For therapeutic purposes, a triplet DNA sequence, which is unique to a mutant gene 
and serves as a specifi c binding site for a zinc fi nger nuclease, can be identifi ed from a 
cell type. A zinc fi nger nuclease can be designed, constructed, and delivered to the target 
cells. The zinc fi nger nuclease can recognize the specifi c binding site and induce double-
strand breaks in the target mutant gene. The double strand breaks can initiate site-specifi c 
homologous recombination that replaces the mutant gene with a corresponding functional 
gene. Thus, the induction of the artifi cial double strand breaks and homologous recombi-
nation represent potential therapeutic approaches for the molecular treatment of genetic 
disorders.

ANTISENSE OLIGONUCLEOTIDE-BASED THERAPY [10.4]

Antisense oligonucleotide therapy is to design and use a DNA or RNA oligonucleotide 
sequence to hybridize complementary target mRNA, which is considered the “sense” 
sequence, and thus to block the translation of a specifi c protein, which is involved in the 
initiation and development of the disorder of interest. An example is the use of antisense 
oligonucleotides to downregulate the expression of angiotensinogen, thus to reduce the 
level of angiotensin I and II, for the treatment of hypertension (see page 699 for 
mechanisms). Furthermore, the hybridization of the target mRNA with an antisense 



oligonucleotide may induce the activation of an enzyme known as ribonuclease H (RNase 
H), which cleaves the hybridized mRNA. These approaches can be used to effectively 
downregulate protein translation, providing a therapeutic means for the treatment of disor-
ders. An antisense DNA or RNA sequence specifi c to a selected mRNA molecule can be 
designed and constructed. The constructed antisense oligonucleotides can be delivered to 
target cells on the basis of endocytosis, a natural process that takes up small particles on 
the cell surface. Several gene transfer-mediating methods, such as liposome- and electro-
poration-mediated transfer, can be used to enhance the delivery of the antisense oligonucle-
otides. The antisense approach can be potentially used for therapeutic purposes by repressing 
the translation of specifi c proteins, which are involved in the pathogenesis of disorders.

SMALL INTERFERING RNA-BASED THERAPY [10.5]

Small interfering RNA (siRNA), also known as short interfering RNA, is a short RNA 
sequence, which is specifi c to and can hybridize to a target mRNA, induce the degradation 
of the target mRNA, and thus knock down the expression of the encoded protein. The 
process of siRNA-induced mRNA degradation is referred to as RNA interference, post-
transcriptional gene silencing, or transgene silencing. This mechanism was originally 
discovered in petunia plant cells and Caenorhabditis elegans. Further investigations have 
demonstrated that mammalian cells also exhibit RNA interference. Since RNA interfer-
ence can be effectively used to suppress the translation of specifi c proteins, siRNA can 
be potentially used as therapeutic agents for pathological disorders that involve abnormal 
expression of specifi c proteins.

A siRNA molecule is generated under the action of an enzyme, known as “dicer,” which 
is an RNAse III molecule composed of a helicase domain, two RNAse III domains, a 
double-stranded RNA (dsRNA)-binding domain, and a PAZ domain (Fig. 10.13). The 
dicer enzyme can splice dsRNA into short siRNA. A typical siRNA is a double-stranded 
RNA about 21 nucleotide in length, and consists of a 5′ phosphate overhang at one end 
and a 3′ hydroxyl overhang at the other end. A siRNA fragment can form a complex with 
a multiprotein complex known as the RNA-induced silencing complex (RISC), which 
binds to a specifi c sequence of the siRNA and unwind the siRNA into single strands. The 
single-stranded siRNA can hybridize to complementary mRNA in the cytoplasm. The 
RISC complex is activated and can degrade the substrate mRNA bound by the siRNA, 
thus suppressing protein translation.

In mammalian cells, there is a RNA interference machinery, which has been evolved 
as a defense mechanism against the invasion of retroviruses. The RNA interference 
machinery can recognize and separate double-stranded RNA molecules into two single 
strands to form siRNAs. The siRNA molecules can recognize and recruit RNases, which 
degrade mRNA transcripts complementary to the siRNA molecules. On the invasion of 
retroviruses, siRNA sequences are generated and utilized for the destruction of the 
invaded viruses. This mechanism is also used for posttranscriptional gene regulation in 
mammalian cells. During gene transcription, certain RNA transcripts can fold to form 
hairpin-like double-stranded RNA structures, sometimes referred to as microRNA, which 
cannot be translated into proteins. The RNA interference machinery can detect and 
destroy these microRNA structures by generating siRNAs. Since the RNA interference 
machinery may not be able to completely remove target mRNAs, siRNA-mediated mRNA 
degradation is also referred to as gene knockdown.
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For therapeutic purposes, specifi c siRNA molecules can be synthesized in vitro and 
applied to target cells or tissues for inducing degradation of target mRNA. To synthesize 
a siRNA sequence, it is necessary to determine the target mRNA sequences, on which 
the siRNA acts, based on the sequence of a specifi c gene. The effective target mRNA 
sequences can be selected by using siRNA design programs provided by commercial car-
riers, such as Promega. Desired siRNA sequences can be synthesized by using an oligo-
nucleotide synthesizer. The synthesized siRNA can be used for cell transfection. A 
liposome-mediated transfection method can be used to facilitate siRNA transfection. For 
experimental purposes, it is necessary to construct and use a siRNA control, known as 
“scrambled” siRNA. Such a siRNA is usually a 21-nucleotide sequence, which is nonspe-
cifi c to any known mRNA. The control siRNA should be transfected to control 
cells simultaneously with the specifi c siRNA transfection. While siRNA transfection is 

Hairpin type

Transcription Transcription

shRNA

Sense Sense

Sense

Antisense Antisense

Antisense

U6 U6 U6

Tandem type

Dicer

Processing

Hybridization

siRNA duplex

RISC

Cleavage

Gene silencing

Target mRNA
AAAAA

TTTTT TTTTT TTTTT

AAAAA

5'

5'

Figure 10.13. Schematic representation of a transcription system for production of siRNA. 
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effective in knocking down gene expression, the effect is usually transient. It is necessary 
to conduct multiple transfection if long-term effect is required for experimental or thera-
peutic purposes.

To induce a long-term effect of RNA interference, a siRNA cloning vector can be 
constructed and used to transfect cells (Fig. 10.14). The transfected siRNA cloning vector 
contains a nucleotide sequence, which encodes a desired specifi c siRNA, and a gene 
expression vector, which induces gene expression when transfected into a cell. To construct 
a siRNA cloning vector, it is necessary to establish siRNA encoding gene sequence, which 
can be done by using a siRNA design program as described above. The siRNA-encoding 
gene sequence can be inserted into a cloning vector, such as the neomycin-resistant gene-
containing psiSTRIKE cloning vector from Promega. The established siRNA cloning 
vector can be amplifi ed by transfecting and growing E. coli cells. The amplifi ed siRNA 
cloning vector can be purifi ed and used for mammalian cell transfection. The following 
is an example of the siRNA cloning vector for the mRNA of the protein tyrosine phos-
phatase SH2 domain-containing protein tyrosine phosphatase 1 (SHP1).

The sequences for the SHP1 siRNA are as follows: 5′-ACCGAAAGGCCGGAACA
AAT GTGTTTCAAGAGAACACATTTGTTCC GGCCTTTCTTTTTC-3′ and 5′-
TGCAGA AAAAGAAAGGCCGGAACAAATGTGT TCTCTTGAAACACATTTGT 
TCCGGCC TTT-3′. In these sequences, the boldfaced fragments represent the target 

Template DNA

Transcript

shRNA

siRNA

T7 class III promoter

T7 RNA polymerase

Formation of hairpin RNA

Digestion by RNase T1

A

Walking across the entire gene, shifting one base at a time

Transcription

Sense 25-mer

PPPGGGNNNNNNNNNNNNNNNNNNNNNNNNNAGCAUAGNNNNNNNNNNNNNNNNNNNNNNNNNAUOH   

CCCNNNNNNNNNNNNNNNNNNNNNNNNNTCGTATCNNNNNNNNNNNNNNNNNNNNNNNNNTA

TAATACGACTCACTATA

ATTATGCTGAGTGATAT

NNNNNNNNNNNNNNNNNNNNNNNNNA

NNNNNNNNNNNNNNNNNNNNNNNNN

HONNNNNNNNNNNNNNNNNNNNNNNNNAGP

HOUANNNNNNNNNNNNNNNNNNNNNNNNNOH

PPPGG©

HO
UA

©C

©AU

AGC

GCC
A

Trimming loop Antlsense 25-mer

+1

3'

5'

Figure 10.14. Schematic representation of gene silencing by a shRNA expression vector. The 
shRNA is transcribed from a shRNA cloning vector and processed by Dicer to produce siRNA. 
The processed siRNA enters the RNA-induced silencing complex (RISC), where it targets mRNA 
for degradation. (Reprinted by permission of the Federation of the European Biochemical Societies 
from Itoa M et al: FEBS Lett 579:5988–95, copyright 2005.)

SMALL INTERFERING RNA-BASED THERAPY  451



452  MOLECULAR ASPECTS OF BIOREGENERATIVE ENGINEERING

sequence, the italic boldfaced fragments represent the target reverse complement, the 
underlined fragments are for the mRNA loop, and the remainder are the overhang frag-
ment (5′-ACC) and the U6 termination sequence (TTTTC-3′) for cloning purpose. The 
sequences for the control scrambled siRNA for SHP-1 are as follows: 5′-ACCGAAGAT-
GCGAAGGGATAC TACTTCAAGAGAGTAGTATCCC T TCGCATCTTCTTTTTC-3′ 
and 5′-TGCAGAAAAAGAAGATGCGAAGGGATACTA TCTCTTGAA GTAGTATCCC 
TTCGCATCTT-3′. The SHP1 specifi c and scrambled siRNA sequences can be synthe-
sized by a commercial carrier such as Proligo.
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