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Molecular diagnostics is a branch of clinical diagnostics
that uses primarily DNA or RNA as a biomarker for clini-
cal testing. It combines various gene-based amplification
technologies with highly sophisticated detection methods for
the clinical diagnosis of a vast variety of diseases including
infectious diseases, cancer, and inherited diseases. The prin-
cipal application of gene-based amplification technology is to
identify pathogen or gene-specific nucleic acid sequences that
are used as surrogate markers for the identification of either
infectious pathogens or alteration of disease-related genes.
There are generally three classes of gene-based amplification
technologies: target-based, e.g., PCR; probe-based, e.g.,
LCR; and signal-based, e.g., bDNA. Real-time detection of
PCR allows us to quantify amplified amplicons with a broad
dynamic range and it offers a unique way to detect genetic
mutations. Other technologies such as immuno-PCR and
bio-barcode assay (BCA) combine different amplification
tactics offering extreme detection sensitivity ranging from
femtogram (10™°) to zeptogram (10*'). Even though quan-
tum dots technology is in its infant stage, its potential to
further increase diagnostic sensitivity and specificity is likely
beyond our current imagination. Future diagnostic technolo-
gies include the use of genomic and proteomic approaches
especially in pure cell types or even in the single-cell level,
which open up endless new possibilities for gene-based di-
agnostics at entirely different levels. In this article, principles
of various current gene-based amplification and detection
technologies along with their clinical applications are dis-
cussed. New technologies that could potentially be used in
future gene-based diagnosis are introduced.
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ABBREVIATIONS: BCA = bio-barcode amplification;
bDNA = branched DNA; FRET = fluorescence resonance
energy transfer; IPCR = immuno-PCR; LCM = laser cap-
ture microdissection; LCR = ligase chain reaction; NASBA
= nucleic acid sequence based amplification; PCR = poly-
merase chain reaction; qdots = quantum dots; SDA = strand
displacement array; SNP = single nucleotide polymorphism;
T™ = melting temperature.

INDEX TERMS: gene-based amplification; molecular
diagnostics.
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LEARNING OBJECTIVES
1. Describe the classification of gene-based amplification
methods.

2. State the principles of gene-based amplification methods.

3. Discuss the advantages and disadvantages of gene-based
diagnostics.

4. Define future prospectives of gene-based diagnostics.

Twenty years has passed since the first description of the
polymerase chain reaction (PCR) technique and its applica-
tion to amplification of the -globin gene sequence and to
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restriction fragment length polymorphism analyses for the
diagnosis of sickle-cell anemia." During this period of time,
there has been a nearly explosive growth in the number and
variety of new gene-based methodologies in the field of gene-
based diagnostics, also called molecular diagnostics.

Molecular diagnostics, based on nucleic acid amplification and
detection technologies, is a branch of clinical diagnostics that
uses primarily DNA or RNA originated either from patients or
pathogens as the biomarker for the clinical testing. These gene-
based diagnostic approaches span from detection of infectious
diseases, cancer detection, and genetic diseases to forensic identity
testing. One of the most desirable features of gene-based tech-
nologies in clinical diagnostics is their rapid, specific, and direct
detection of genes of interest with very high sensitivity. Many
of them allow additional and precise quantification of genes of
interest with broad dynamic range. Importantly, they can be
performed directly from clinical specimens without the need for
laboratory cultivation, which is often time-consuming,

A unique feature of gene-based diagnosis of infectious diseases
is that it can detect pathogens that cannot be detected by con-
ventional diagnostic tests. For example, we can now readily
detect many of the viral infections that are either difficult or
impossible to culture in the laboratory. Another example of using
gene-based assays is that we can now detect HIV infection in
newborns on the day of birth. Previously, when antibody-based
tests were used, a positive diagnosis was not possible until three
to seven months of age. In another article in this Focus Section,
Drs Niel Constantine and Richard Zhao from University of
Maryland School of Medicine describe in detail the molecular-
based diagnosis of HIV-1 infections.

Molecular testing can also be used to predict potential risk of
an individual for onset of a specific cancer such as breast cancer
with predispositions of brcal/2 gene mutations.>* Dr W Craig
Hooper and his colleague Stacy C League from the Centers for
Disease Control and Prevention provide a detailed description
of this type of testing in congenital thrombosis in this issue. If
clinical symptoms or other diagnostic tests implicate a specific
cancer such as T-cell leukemia, gene-based testing could also be
used to confirm diagnosis by detecting possible known T-cell
gene arrangements. Furthermore, these same tests could be
used to monitor success of anti-cancer therapy. For example,
disappearance of the same T-cell gene re-arrangement would
indicate cancer remission in the patient.

Molecular-based genetic tests can be used for many different
purposes including carrier screening, prenatal testing, cancer

risk, or confirmatory cancer testing, and genetic identifica-
tion. Carrier testing normally involves identification of an
individual who carries one copy of a gene for a disease that
requires two copies for the disease to be expressed. An ex-
ample of such a carrier testing includes Ashkenazi genetic
carrier screening for an array of genetic diseases including
Tay-Sachs diseases, Gaucher disease, cystic fibrosis, Canavan
disease, Niemann-Pick, and familial dysautonomia. For fur-
ther introduction on the use of molecular-based methodolo-
gies in genetic testing for cystic fibrosis, see the article in the
next issue of Clinical Laboratory Science (Winter 2006) by
Dr Edward Highsmith and his colleague Timothy S Uphoft
from Mayo Clinic. Prenatal testing involves identification
of gene alternations in the fetus for a specific genetic disease
such as fragile X syndrome.

For cancer detection, molecular-based diagnosis has never
been so close to reality in assisting physicians in detecting
specific cancers or even in assisting in monitoring anti-cancer
therapies. Dr Christopher Gocke from John Hopkins Uni-
versity provides specific information on molecular diagnosis
and monitoring of hematological malignancies in the next
issue (Winter 2006). Dr Gocke’s article will provide detailed
information on molecular diagnostics and monitoring of
hematological malignancies.

Because of the genetic distinction of each individual, mo-
lecular-based testing can also be used for forensic or identity
testing. Short tandem repeat (STR) assay has been used, for
example, for paternity identification or criminal investiga-
tions. STR has also been implemented in the clinical set-
ting to monitor efficacy of bone marrow transplantation of
leukemia patients.

Altogether, gene-based molecular diagnostics provides us
with tremendous power for clinical diagnosis of a broad
range of diseases. With emergence of new and more powerful
technologies, use of molecular diagnostics will only continue
to grow. Implementation of more sensitive and specific tests
with these new technologies in clinical diagnosis would al-
low us to continue improving patient care and thus saving
more lives.

In this article, I will briefly describe principles of various
gene-based amplification technologies including some of
the most popular technologies such as Amplicor® (Roche),
NucliSens® (Organon Teknika), Quantiplex® (Bayer), as well
as real-time PCR methods that are currently available in the
market for clinical diagnostics. Other technologies such as
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LCR® (Abbott), Qa-replicase® (Gene-
Track), and SDA® (Becton Dickinson)
will also be introduced. New emerging
technologies such as immuno-PCR
(IPCR), bio-barcode assay (BCA)
and genomic/proteomic approaches,
which have not yet been applied to
clinical testing, but may prove to be
even more powerful tools in molecular
diagnostics, will be addressed.

Gene-based amplification typically
consists of three major steps: primer-
template hybridization, synthesis,
and amplification. The gene-based
amplification methodologies may be
categorized based on the means of
amplification, i.e., 1) target-based
amplification methods, which are
designed to detect and amplify the
target gene of interest; 2) probe-based
amplification methods, which rely on
amplification of the probes that are
homologous to a specific gene target,
and, 3) signal-based technologies that
amplify the signal rather than the gene
target sequence.

GENE-BASED AMPLIFICATION
TECHNOLOGIES

The gene-based amplification tech-
nologies can be further divided into
PCR-based or non-PCR based meth-
ods. PCR-based method is an artificial
DNA amplification method that is
performed at various temperatures
using a thermocycler. In contrast,
most of the non-PCR methods take
advantage of the natural nucleic acid
amplification processes. For example,
ligase chain reaction (LCR) mimics
the enzymatic ligation process; nucleic
acid sequence based amplification
(NASBA) mimics viral RNA reverse
transcription and transcription; strand
displacement assay (SDA) resembles
the DNA excision repair process;
and Qp-replicase RNA amplification
resembles bacteriophage replication.
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Another common feature of non-PCR-
based assays is that these assays can be
carried out at constant temperature
without thermocycling.

In theory, a single molecule can be
detected and amplified to 10° to 10**
molecules within a few hours of the
amplification reaction. In clinical prac-
tice, however, a much lower efficiency
is obtained due to impurities and other
intrinsic factors within the clinical
specimens that may affect the efficiency
of the amplification. Nevertheless, 10
to 100 copies of the target nucleic acid
sequences, for example, can normally

be detected with high probability.

DETECTION OF AMPLIFIED
GENE PRODUCTS

Typically the amplified gene prod-
ucts can be detected by using various
labeled reporter molecules such as
enzymes, antigenic substrates, radio-
isotopes, chemiluminescent moieties,
or fluorescent labels (Table 1). The
classical means of gene detection is
the use of DNA probes labeled with
radioactive **P. Binding of the probe
to the amplified product (hybridiza-
tion) enables visualization of the gene
product either by autoradiography or
liquid scintillation counting. In most
of the current commercially available
diagnostic kits, however, radioactive
isotopes are replaced by enzymes,

affinity labels, chemiluminescent
molecules, or fluorescent reporters
for the detection of the amplified
products. For example, direct labeling
of oligonucleotides with the enzymes
alkaline phosphatase or horserad-
ish peroxidase, is responsible for the
signal amplification in the bDNA
signal amplification assay. Addition of
enzyme specific substrates such as di-
oxetane to the amplified product gives
light emission that can be detected by
luminometry. Affinity labels such as
biotin and digoxigenin are incorpo-
rated into the primers in PCR-based
assays by enzymatic (nick translation or
random-priming techniques) or non-
enzymatic, e.g., photobiotin methods.
Streptavidin linked to an enzyme is
used to detect the moiety attached to
the primers, and the detection is com-
pleted through the use of colorimetric
or chemiluminescent substrates for the
enzyme. Chemiluminescent markers
are chemical groups that release light
when exposed to certain substrates
after the hybridization reaction is com-
plete. The light emitted can be detected
with X-ray film or a luminometer. Such
assays have sensitivity ranges equal to
or greater than those of P,

Chemiluminescent labels, such as acri-
dinium esters, have been incorporated
into many commercially available probe
kits and are used in a format that is

gene products

Table 1. Commonly used reporter molecules for detection of amplified

Alkaline phosphatase, horseradish peroxidase

FAM (SYBR Green I), JOE (VIC), TAMRA
(NED or Cy3), ROX (Texas Red), and Cy5

Magnetic gold nanoparticles, quantum dots

Radioactive 32p, 38, °H

Enzymatic

Affinity labels Biotin, digoxigenin
Chemiluminescent Acridinium esters, sulfonamides
Fluorescent

Nanoparticles
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rapid and highly efficient. Fluorescent labels have now been
used in real-time PCR and single nucleotide polymorphism
(SNP) analyses for the detection of amplified gene products

or gene mutations.

There are five commonly used fluorophores including FAM
(SYBR Green I), JOE (VIC), TAMRA (NED or Cy3), ROX
(Texas Red), and Cy5. Each of them has a different excitation
and emission spectrum thus allowing detection of single or mul-
tiplex (up to five colors) amplicons with great assay versatility.

Typically a fluorescent dye molecule is covalently attached to
either a primer or a probe. Upon incorporation of the primer
into an amplicon during gene-amplification in real-time
PCR, increase of the fluorescence of the dye molecule can be
detected at a single molecular level which thus allows real-time
quantification of gene amplification cycle-by-cycle. The most
recent new label for the detection of biological molecules is the
fluorescent semiconductor nanocrystals, also known as quan-
tum dots or qdots.* Evolved from electronic material science to
the applications in molecular diagnostics, this new technology
can monitor intracellular processes at the single molecular level
with very high resolution. This extremely sensitive detecting
label has far-reaching potential in improving sensitivity and
specificity of future clinical diagnostic tests.

TARGET-BASED GENE AMPLIFICATION
Polymerase chain reaction (PCR)

PCRis a typical example of target-based amplification tech-
nology. For example, in the detection of a particular pathogen
using PCR, a unique segment of DNA or RNA (rt-PCR),
that represents a specific pathogen of interest, is selectively
amplified and used to distinguish it from other organisms.
Therefore, detection of a specific amplified gene sequence
indicates the presence of a specific pathogen.

Protocols for detection of a vast variety of infective agents
including viral, bacterial, fungal, and parasitic pathogens can
be found in the literature. However, those ‘in house’ protocols
are generally not adequate for immediate implementation
in clinical testing unless, after proper assay validation, very
restrictive QA/QC procedures are strictly enforced, and
proper regulatory rules are followed. One limitation of the
PCR-related techniques is that the blood sample has to be
collected in tubes with anticoagulant such as ACD or EDTA.
Heparin strongly inhibits the PCR reaction.

Cross-contamination is a major concern in PCR. However,
an enzyme called uracil-N-glycosylase (UNG, commercially

known as AmpErase®), which can break down pre-amplified
amplicons, is incorporated in the Amplicor kits and works
quite effectively in minimizing this potential problem.
PCR-based technology for clinical diagnosis of various dis-
eases is commercially available under the commercial name
Amplicor™, through Roche Diagnostics Systems, Inc. These
Amplicor tests include HIV, HCV, HBV, HPV, Clamydia

trachomatis, and Neisseria gonorrhea.

Real-time PCR

PCR can also be used to quantify amplified gene sequences.
However, the limitation associated with the traditional
quantitative PCR is that the DNA copy numbers are
calculated based on the final amplified gene products.
Since DNA is amplified exponentially during PCR, a
small variation in amplification efficiency early in the
thermocycling process could potentially lead to a large
variation in the final quantity of amplified products.
Consequently, the intra- and inter-assay variability is often
an issue to consider because the final accumulated product
quantity may not necessarily be reflective of the initial
copy number. Even though this limitation can be partially
circumvented by adding an international quantification
control, another shortcoming of the conventional PCR-
based assays is that they generally have a narrow linear

Figure 1. Principle of real-time PCR
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dynamic range of approximately 3 logs due to the non-
linear amplification of PCR. In contrast to conventional
PCR, real-time PCR, which is also known as TagMan™
or 5" exonuclease assay (Perkin-Elmer, Branchburg, NJ),
quantifies PCR products cycle-by-cycle (‘real-time’) as they
accumulate.’ Unlike conventional PCR, an internal probe is
added to the detection process, which is an oligonucleotide
with both a fluorescent reporter and a fluorescent quencher
dye attached. If a target sequence is present, the probe
anneals between the forward and reverse primers and is then
digested by the 5" nuclease activity of the DNA polymerase
as PCR proceeds (Figure 1). Digestion of the probe DNA
separates the reporter dye from the quencher dye, making
the reporter dye signal detectable. Detection of the resulting
fluorescence collectively provides an immediate real-time
quantification of the PCR process.

There are several advantages to real-time PCR. It does not
rely on the final product at end of the PCR amplification
for quantification as regular PCR does. DNA copy numbers
are determined based on the threshold cycle (Cy), which
is directly proportional to the initial copy number. Thus,
the measurement is highly accurate and reproducible.
Since probe cleavage alone is responsible for increase of
fluorescent signals, it is highly specific. For example, if
the probe binds non-specifically to some other sequences
that are not between the forward and reverse primers, it
will not be cleaved or detected as part of the amplification.
Conversely, non-specific primer binding and amplification
will not be detected, because the probe is gene specific,
hence does not bind to the same region. Since measurement
of DNA copy number is directly proportional to the initial
copy numbers, it allows much wider linear dynamic range
of detection for quantification than conventional PCR.
For an example of HIV-1 proviral DNA quantification
using the real-time PCR technology, see reference.® Besides
the quantificational power of real-time PCR, it can also
be used for mutation detection or genotyping by using
melting curve analysis of the amplified gene sequences.
The rationale behind this capacity is based on the fact
that every DNA fragment melts at a characteristic melting
temperature (Tm). A mismatch between a mutated gene
target and a fluorescent labeled wild type gene probe will
result in a low Tm that can be readily detected by changes
in fluorescent profile.

There are two types of probes used in real-time PCR: hydro-
lysis probes for real-time quantification and hybridization

probes for single nucleotide polymorphisms (SNPs) and
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mutation detections. Examples of hydrolysis probes include
TagMan probes, molecular beacon probes, and scorpion
primer-probes.”® The TagMan probes present as linear oligo-
nucleotides; oligonucleotides of molecular beacon probes are
typically in a hairpin format labeled at one end with a quencher
and at the other end with a fluorescent reporter. In the absence
of gene targets, the fluorescence is quenched. However, when
molecular beacons hybridize to their gene targets, the hairpin
structures open and they emit intense fluorescent signals for
real-time detections. Scorpion primer-probes incorporate
both the primer and probe into oligonucleotides that exist
in a hairpin loop structure. Similar to molecular beacons, the
fluorescence of scorpion primer-probes is normally quenched.
Upon primer-mediated DNA synthesis of the gene targets,
the scorpion probes hybridize to the newly formed comple-
mentary sequences, separating the fluorescent reporters from
the quenchers thus restoring the fluorescence. In principle,
molecular beacons and scorpion probes provide better probe-
target binding specificity than linear probes.

Hybridization probes have been used for detections of muta-
tions and SNPs by combined use of melting curve analysis
and sequence-specific fluorescence resonance energy transfer
(FRET). In a FRET melting curve analysis, two hybridiza-
tion probes that are complementary to a continuous region
of the gene target are labeled with fluorescein or LC Red
640, respectively. When the two fluorescent labeled probes
come together upon gene-specific hybridization, excitation
of fluorescein causes an energy transfer, which subsequently
results in excitation of the LC Red 640 molecule. Such a
FRET allows detection of specific probe-gene hybridization.
Melting curve analysis is based on the fact that each double
strand DNA has its own unique melting temperature (Tm). A
single change in nucleotide will result in change of Tm. There-
fore, combined use of FRET for gene-specific hybridization
with mutation-specific changes of Tm enables detection of
specific gene mutations with high accuracy.

Nucleic acid sequence based amplification (NASBA)

NASBA is another target-based amplification method that is
formerly known as 3SR (self-sustaining sequence replication).
In contrast to PCR, however, this method is essentially an
in vitro version of the natural replication of retroviral RNA.
Therefore, this assay is useful only for detecting RNA targets
such as HIV or HCV. A standard NASBA reaction contains
T7 RNA polymerase, RNase H, avian myeloblastosis virus
(AMV) reverse transcriptase, nucleoside triphosphates, two
specific primers, and appropriate buffer contents. For quan-
tification of HIV viral load, for example, primer 1 is about
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45 bases in length with an average of 20 bases at the 3" end
that are complementary to the 3 side of the target sequence.
The 5’ end of this primer contains a promoter sequence that
is recognized by T7 RNA polymerase. Primer 2 is about 20
bases in length and is derived from the opposite (5’ direction)
side of the target sequence. The NASBA test involves repeti-
tive reverse transcription from an RNA template by AMV
reverse transcriptase and RNA amplification from cDNA by
gene transcription via T7 promoter. Approximately 40 copies
of RNA can be made (versus two copies/cycle in PCR) in each
cycle for each copy of the RNA target. Within a 90 minute
reaction, approximately 10'> RNA molecules can be made
starting with 10 copies of purified RNA molecules.

One advantage of using NASBA is that it can use any types
of specimen, e.g., serum, plasma, cerebrospinal fluid, tissue,
seminal plasma, or genital secretions. There is no specific re-
quirement for anticoagulant. A drawback of this test is that it
requires a separate RNA extraction step, making it more labor
intensive. Consequently, a potential problem with NASBA
is the significant risk of carry-over contamination between
samples since much pipetting and tube opening must be
performed for the isolation of viral RNA from plasma or
serum specimens. The commercial name of NASBA ampli-
fication products is NucliSens™ through bioMerieux, Inc.
Commercial tests currently are available include NucliSens

CMV pp67, RSV A+B, Enterovirus, and HIV-1.

PROBE-BASED AMPLIFICATION

Ligase chain reaction (LCR)

In contrast to target-based amplification technology, probe-
based technique is designed to amplify the probe homolo-
gous to the target. LCR is a method designed to amplify the
probes that are homologous to a specific target of interest.
The rationale behind this method is that ligation is most ef-
ficient when two discrete probes hybridize to the target in a
head-to-tail fashion. Once the first pair of probes is ligated,
it can in turn serve as a template for annealing and ligation
of a second pair of probes complementary to its sequence.
Recycled ligations between these two sets of ligated probes
plus the original targets will result in a logarithmic accu-
mulation of ligation products. Diagnostic tests using LCR
are developed under the trademark name of LCx at Abbott
Laboratories. A HIV-1 LCx commercial test is available
outside the United States.

Strand displacement amplification (SDA)
The key principle of SDA resembles DNA excision DNA
repair.” In the presence of a single strand nick on a double

stranded DNA molecule, the nicked strand will be prejudicially
displaced by a newly synthesized DNA strand. If it were pos-
sible to create a nick repeatedly at the same location, displaced
DNA strands of the same size could then be produced con-
tinuously. To accomplish this goal, an endonuclease restriction
enzyme Hincll or BsoBl is used, which only nicks DNA on
one strand of its recognition site (5-GTTGAC-3") when the
opposite strand is hemiphosphorothiolated (DNA contains
dATPasS instead of dATP) during DNA synthesis. The prim-
ers used in this method contain this particular recognition site
and are designed in such a way that the size of the displaced
strand will be the same as the target. Therefore, the displaced
DNA strands can also be used as templates for subsequent
reactions. Repetition of this nicking and displacement cycle
will result in a geometric accumulation of the synthetic prod-
uct with approximately a 10%-fold amplification within two
hours. Although this method has the potential to be used in
diagnosis of many diseases such as HIV-1 and Mycobacterium
spp, no commercial tests have yet been marketed.

Qp-replicase amplified probe assay

Qp-replicase amplified probe assay is another probe-based
amplification method. This method takes advantage of a
unique feature of the bacteriophage QP-replicase, which
replicates only those RNA substrates with a specific sec-
ondary structure. Therefore, by incorporating a target-spe-
cific probe into a Qf-replicase substrate, not only does this
probe-containing substrate hybridize to the gene target, but
the QB-replicase specifically amplifies only the hybridized
RNA substrates. Unhybridized probes will be removed upon
RNaselll treatment. Using this method, one copy of the
target could be amplified into 10° copies with 30 minute
incubation. The use of Qf-replicase amplified probe assay
has been described previously by Gene-Track Inc. for the
detection of HIV, C. trachomatis, M. avium, and M. tuber-
culosis. However, no commercial kits are yet available using

this technology.

SIGNAL-BASED AMPLIFICATION

Branched DNA (bDNA)

The bDNA method is a probe-based amplification assay devel-
oped by Chiron Diagnostics and currently owned by Bayer Inc.
It may be used to detect both DNA and RNA targets. Several
hybridization steps are incorporated in this method. After DNA
or RNA extraction and denaturation of the target, the first hy-
bridization step is to position the target using a capture probe
attached to a solid surface. Once the target is captured, a second
probe (extender probe) is used to hybridize to the target at an
adjacent sequence in relation to the first hybridizing region. An
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amplification multimer (branched DNA) which is homologous
to the extender probe will then attach to the extender. Alkaline
phosphatase-labeled oligonucleotides will stick to these branches
with 3,000 to 22,380 branch sites per target molecule. This
branched tree type complex can be detected using chemilumi-
nescence. This technique is advantageous in that the assay is
simple to perform with a low inherent variability and limited
carry-over contamination. Although a larger number of assays
can be performed per day, the turn around time is significantly
longer than PCR-based assays. This may be an important factor
in situations where results are required quickly. The bDNA-
based diagnostic tests are available under the trade marker of
Quantiplex™ or Versant® through Bayer Inc. for the detection
of various infections including HIV, HBV, HCV, and CMV.

OTHER GENE AMPLIFICATION TECHNOLOGIES
There are a number of new emerging technologies that have
not yet been applied to clinical testing, but may prove to
be very useful tools in future gene diagnostics. Only two
particular technologies are discussed in the following.

Immuno-PCR (IPCR)

Immuno-PCR is a new emerging technique that combines
the versatility of the well-established ELISA methodology
with the amplification power of real-time PCR.'*!! However,
it detects proteins instead of nucleic acids. For example, IPCR
has been used for quantification of HIV-1 p24 antigenemia."
In this assay, signal DNA molecules are attached to the anti-
p24 antibody. While p24 antigens are detected by anti-p24
antibody using ELISA, the number of bound antigen-anti-
body complexes is quantified by real-time PCR amplification
of the signal DNA molecules. Testing of patient samples by
using this assay detected p24 antigen at the femtogram (fg)
level, which is at least 10° more sensitive than conventional
ELISA assays. Although IPCR could in principle become
one of the most sensitive diagnostic tools, it is technically
difficult to create the antibody-DNA conjugates. There are
also increasing concernsabout the substantial backgrounds it
generates due to nonspecific binding of the antibody-DNA
conjugates to the solid phases. Thus the actual utility of this
methodology in clinical diagnostics is yet to be seen.

Bio-barcode assay (BCA)

Nanotechnology is making another wave of revolution in the
diagnostics industry." The combination of nanotechnology and
diagnostic biology creates an unprecedented and innovative way
to detect biological molecules at an extreme low level, providing
the potential for a generation of a variety of new and much more
sensitive diagnostic tests. One of the nanotechnology-based
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techniques, known as bio-barcode amplification (BCA), can
potentially detect multiple disease targets in a single clinical
sample simultaneously.’ This new technology detects both
protein and nucleic acids and is based on capture of protein or
nucleic acids by magnetic gold nanoparticles." For the detection
of a DNA gene target, for example, each magnetic gold nanopar-
ticle (approximately 30 nanometers in diameter) is attached to
hundreds to thousands of gene-specific oligonucleotides. These
gene-specific nanoparticles can capture the gene of interest by
sandwiching the DNA between two particles. The ‘particle-
DNA-particle’ sandwich is then removed magnetically for final
DNA recognition and quantification. Since each nanoparticle
is coated with thousands of signal oligonucleotides, it thus
automatically amplifies each of the DNA molecules by at least
a thousand-fold. Because the DNA molecules are collected by
magnetic enrichment, the BCA offers extreme high detection
sensitivity with its limit at approximately 500 zeptomolar (zM)
target DNA, i.e., less than 500 molecules per milliliter of solu-
tion."* BCA has also been tested in the detection of amyloid-f3-
derived diffusible ligands (ADDLs), a protein marker that can
be used to diagnose onset of Alzheimer's disease.'® Normally
the ADDL concentration in brain or CSF is too low to be de-
tected (<1 pM) by conventional diagnostic methods. However,
ADDL concentrations were consistently detected by BCA and
shown to be higher in the patients with Alzheimer’s disease than
nondemented age-matched controls.' Therefore, if BCA were
validated in further clinical trials, this assay could become the
first diagnostic test to conclusively diagnose Alzheimer’s disease
in living patients.

Genomics and proteomics in molecular diagnostics

Development of microarray technology now enables us to scan
genome-wide genetic changes at the DNA, RNA, or protein
levels. For example, DNA sequencing arrays are designed for
simultaneous determination of multiple nucleotide sequences of
interest. This approach is suitable for SNP detection of multiple
genes, which could allow us to detect multiple mutations that
contribute to a specific disease or predisposition of multiple
diseases. Expression arrays are used for detection of changes at
the gene transcriptional levels such as mRNA expressed in a
tissue. Since tumorgenesis is typically the result of accumulating
changes of gene expression or mutations, persistent changes in
gene expression levels such as activation of oncogenes or loss of
tumor suppressor gene expressions could be a strong indication
of onset of cancerous cellular growth. Golub and colleagues were
among the first to use gene expression profiling to distinguish
acute myeloid leukemia (AML) from acute lymphoblastic
leukemia (ALL)."” Similarly, comparison of protein abundance
or searching for subsets of proteins linking to a specific disease
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(protein profiling) at the genome-wide scale offers additional
power to evaluate potential pathological changes in a patient,
e.g., onset of cancer. Typically, combined use of multiple tech-
niques is needed to decipher the complex nature of these datasets
generated by genomic or proteomic methods. For example, to
identify protein biomarkers that link to a specific disease, com-
bined use of artificial-intelligence-based informatic algorithms
for data mining and matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOE-MS) for pro-
tein identification are needed. An increasing number of studies
that utilize these strategies to identify subsets of genes or pro-
teins as biomarkers for variety of cancers are available, such as
melanoma, ovarian cancer, oral cancer, and colorectal cancer.'®%!
Regardless of their high potential in molecular diagnostics, the
use of genomic and proteomic biomarkers for earlier detection
and risk assessment of genetic diseases has not reached the level
of confidence required for clinical practice. There is an ongoing
nation-wide effort coordinated by the National Cancer Institute’s
Early Detection Research Network (EDRN); its specific goal is
to identify, validate, and implement specific cancer biomarkers
for the earlier detection and risk assessment of cancers by using
various genomic and proteomic approaches. It is hopeful that
some of the future discoveries will soon lead to diagnostic tests
that can be used in the clinic setting.

Single-cell diagnostics

Current diagnostic specimens such as blood or biopsy samples
normally contain a mixture of cell types. Because many diseases
such as cancers may initiate from a single cell type or even start
with a single cellular event, early detection of cancer or moni-
toring anti-cancer therapy requires precise molecular diagnos-
tics at the level of pure cell population or possibly in a single
cell. However, procurement of a pure cell population from
clinical specimens has been hampered by the lack of suitable
technical tools. Development of the laser capture microdis-
section (LCM) technique now enables us to isolate a specific
cell subtype or even a single cell under the microscope.” Thus
combining the analytic power of molecular-based testing and
the LCM cell isolation technique, molecular diagnostics is now
elevated to a whole different level. For example, by using the
single-cell complementary DNA array and LCM, we are now
capable of analyzing gene or protein profiles of two adjacent
cell types within a single tissue such as a tumor. Even though
molecular diagnosis at the single-cell level is not yet a reality
in the clinical setting, analysis of single-cell genetic changes
using the proven techniques should provide insights into the
molecular pathology underlying many of the human diseases
and thus promises more precise disease diagnosis. For more
detailed reviews of this subject, see references.*

SUMMARY

In the last two decades, we have experienced explosive growth
in the number and variety of new gene-based amplification
and detection technologies, revolutionizing our ways of con-
ducting clinical diagnosis and practicing medicine. However,
as with any other new technologies, gene-based amplification
and detection technologies have their own strengths and
pitfalls. The obvious advantages of these technologies are
that they are rapid, specific, and highly sensitive, involving
direct detection from clinical specimens and avoiding the
need for laboratory cultivation. As a result, the turn-around
time is rapid. Even though the cost of these tests on a per
test basis is relatively high at present, the quick turn-around
time allows timely treatment for many life-threatening dis-
eases. This minimizes the time of hospital stay and therefore
reduces the overall cost.

The shortcomings of these new technologies, however, are
potential false positives due to carry-over contamination or
false negatives due to inhibitory effect on gene amplification.
These potential technical errors could have significant impact
on clinical care. Despite the obvious advantages and power
the new gene diagnostic techniques can offer us, it would be
a mistake to assume that they can replace the conventional
diagnostic techniques. Rather than replacing the conven-
tional methods of diagnostic testing such as classical micro-
biological methods, gene-based amplification technologies
should serve as an adjunct to those methods and as a more
rapid and less cumbersome alternative for clinical diagnosis.
Overall, these new gene-based diagnostic technologies will
undoubtedly significantly expand and expedite our ability in
daily clinical diagnostics. Future implementation of genomic
and proteomic approaches in clinical testing especially in pure
cell type or at the single-cell level will undoubtedly expand
our repertoires in clinical testing. Some of the current and
future new diagnostic techniques will eventually become
mainstream tools in clinical diagnostics and may very well
replace some conventional diagnostic methods.
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