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ABSTRACT: The recent interest in nucleic acids in plasma and serum has opened
up numerous new areas of investigation and new possibilities for molecular
diagnosis. In oncology, tumor-derived genetic changes, epigenetic alterations,
and viral nucleic acids have been found in the plasma/serum of cancer patients.
These findings have important implications for the detection, monitoring, and
prognostication of many types of malignancies. In prenatal diagnosis, the dis-
covery of fetal DNA in maternal plasma and serum has provided a noninvasive
source of fetal genetic material for analysis. This development has important
implications for the realization of noninvasive prenatal diagnosis and has
provided new methods for the monitoring of pregnancy-associated disorders.
Plasma DNA technology has also found recent applications in the fields of
organ transplantation, posttrauma monitoring, and infectious agent detection.
Future areas of study include circulating RNA in plasma and the elucidation of
the biology of release, clearance, and possible functionality of plasma nucleic
acids.
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INTRODUCTION

The recent development of techniques in molecular biology has given us many
powerful tools for molecular analysis. However, with the exception of viral nucleic
acid detection in plasma, most of these analyses are performed using nucleic acids
extracted from nucleated cells. This review explores the recent developments in the
biology and diagnostic applications of nucleic acids that are found outside cells,
specifically in the plasma and serum.
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LANDMARK DEVELOPMENTS

The discovery of extracellular nucleic acids in the circulation was reported by
Mandel and Métais in 1948.1 These investigators observed the presence of circulating
DNA and RNA in the plasma of healthy and sick individuals. This work was partic-
ularly remarkable as it was only a few years following the demonstration that DNA
is the material of inheritance, and this report even preceded the classical paper on the
double-helical structure of DNA by Watson and Crick. It was unfortunate, therefore,
to observe that there was essentially no interest in circulating nucleic acids in the
subsequent decade following this pioneering work.

Research on circulating DNA resumed in the 1960s following the discovery of
high levels of circulating DNA in patients with systemic lupus erythematosus
(SLE).2 Further interest in this field was developed in the 1970s following the
demonstration that increased concentrations of DNA in the serum could be detected
in patients with cancer.3 It was further shown that the concentration of circulating
DNA was higher in individuals with metastatic disease and, in some cases, the levels
of circulating DNA decreased with successful anticancer therapy.3 Due to techno-
logical limitations at that time, the precise cellular origin of the extracellular DNA
in cancer patients could not be determined.

In 1989, Stroun et al. suggested that the circulating DNA that is found in cancer
patients demonstrates certain characteristics of tumor DNA.4 This important sugges-
tion was shown to be correct in 1994 when two groups reported the presence of
tumor-associated oncogene mutations in the plasma of patients with myelodysplastic
syndrome, acute myelogenous leukemia,5 and pancreatic cancer.6 These latter
reports are powerful evidence that tumor cells can indeed release their DNA into the
circulation. Apart from the inherent biological interest of this phenomenon, this
observation also opens up exciting possibilities for tumor detection and monitoring.

Significant progress in plasma/serum DNA research had to wait, until 1996, when
two groups simultaneously reported the presence of tumor-associated microsatellite
alterations in the plasma and serum of cancer patients.7,8 Thus, microsatellite alter-
ations, such as loss of heterozygosity (LOH) and microsatellite shifts, can be found
in the plasma and serum and can be shown to match those occurring in the primary
tumors. The observation of LOH in the plasma and serum is particularly impressive
as it suggests that, in these cases, most of the plasma/serum DNA is tumor-derived.

TUMOR DNA IN PLASMA AND SERUM

To date, many tumor-derived genetic alterations have been detected in the plasma
and serum. Examples include oncogene mutations,9,10 oncogene amplifications,11

and tumor-related viral DNA.12–14 The development of viral DNA as a tumor marker
in plasma/serum has been especially rapid due to the ability to accurately quantify
viral DNA in the circulation. Examples include the detection of Epstein-Barr virus
(EBV) DNA in the plasma/serum of patients with nasopharyngeal carcinoma,12,15–17

lymphoma,18,19 and gastric cancer;20 and the detection of human papillomavirus
(HPV) DNA in the plasma/serum of patients with head and neck cancer14 and
cervical cancer.21
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As epigenetic changes have now been recognized to be an important molecular
change in a wide variety of malignancies,22 tumor-associated epigenetic alterations,
such as aberrant methylation, have also been observed in the plasma and serum.23–25

The availability of quantitative methods for methylation analysis26 has made possi-
ble the correlation of the concentration of circulating tumor DNA and clinical
outcome.27

FETAL DNA IN MATERNAL PLASMA/SERUM

The discovery of circulating DNA of tumoral origin in the plasma also inspired
investigators, who were originally interested in other fields, to start looking for other
forms of nonhost DNA in the plasma/serum. One such group was initially interested
in searching for fetal nucleated cells that have entered into the maternal circulation
during pregnancy.28,29 By the use of Y chromosomal DNA sequences that are
present in a male fetus as a marker, Lo et al. demonstrated in 1997 the presence of
fetal DNA in the plasma/serum of pregnant women.30 It is particularly interesting
that quantitative analysis has shown that the relative concentration of fetal DNA in
maternal plasma is much higher than the corresponding relative concentration of
fetal DNA in the cellular fraction.31 This finding suggests that maternal plasma fetal
DNA would be a very valuable material for noninvasive prenatal diagnosis and
monitoring. This possibility has now been realized in a number of fetal and
pregnancy-associated disorders.32

OTHER FORMS OF “PLASMA DNA CHIMERISM”

The discovery of circulating tumor-derived, and fetal-derived, DNA in the
circulation of cancer patients and pregnant women, respectively, has opened up the
concept of “plasma DNA chimerism” in which DNA from cells with detectable
genetic differences can be found in the circulation of an individual. This concept is
analogous to the well-established concept of cellular chimerism, which has been
found in patients following bone marrow or solid organ transplantation33 and in a
proportion of women following delivery of their children.34

The development of the concept of “plasma DNA chimerism” has further prompt-
ed investigators to look for other instances of this phenomenon. This line of work
has led to the discovery of plasma DNA of donor origin in subjects who have under-
gone liver or kidney transplantation.35 As plasma DNA has been associated with cell
death, the measurement of the levels of donor-derived DNA in transplant recipients
might allow one to detect graft rejection noninvasively.

DNA from infectious agents represents another possible target for plasma DNA
research. The presence of viral nucleic acid in the plasma is, of course, well estab-
lished, but here we are more interested in nucleic acids from infectious agents that
have not previously been detected in the plasma. One example is DNA from
Plasmodium, which has recently been detected in the plasma of patients suffering
from malaria.36 The possible advantages of such plasma-based detection of these
infectious agents remain to be established.
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OTHER DIAGNOSTIC DEVELOPMENTS

The possible relationship between plasma DNA and cell death has been men-
tioned before. This association has prompted investigators to study the potential
diagnostic applications of plasma DNA analysis in conditions associated with cell
death. One example is the detection of high concentrations of plasma DNA in
patients following trauma.37 Excitingly, the levels of plasma DNA in these patients
have been shown to be of prognostic significance and may find a role in the routine
investigation of trauma patients.

BIOLOGY OF CIRCULATING DNA

Currently, most research in plasma DNA has focused on the diagnostic applica-
tion of this phenomenon. However, it is important to realize that there are still many
unanswered biological questions in this field. One question concerns the production
of plasma DNA.38 While cell death has been postulated as one mechanism,39 other
possibilities have also been suggested, including active secretion.40

Apart from production, the clearance of circulating DNA is also poorly under-
stood. Many reports have suggested that circulating DNA is cleared very rapidly
from plasma.41,42 Potential mechanisms for circulating DNA clearance include
plasma nucleases and hepatic and renal clearance. The case for renal clearance is
particularly interesting as recent data have shown the presence of tumor- and fetal-
derived DNA in the urine of cancer patients and pregnant women, respectively.43

The situation for cancer patients is especially interesting as it can also be seen in
patients with cancers of nonurological origin. These results suggest that plasma
DNA can pass through the glomerular barrier and be excreted in the urine.44

Another unanswered question concerns the possible functionality of circulating
DNA. Intriguing data have reported that, in certain scenarios, circulating DNA may
be taken up by cells and result in detectable gene expression.45,46

CIRCULATING RNA

The finding of DNA in the plasma has prompted investigators to look for other
types of nucleic acids in the circulation. Such work has led to the simultaneous
report by two groups of the existence of tumor-derived RNA in the plasma of cancer
patients.47,48 These data have now been confirmed by other workers.49 Apart from
cancer, fetal RNA has also been detected in the plasma of pregnant women.50 The
theoretical advantage of plasma RNA analysis over plasma DNA detection is that the
RNA approach would provide valuable information on the gene expression patterns
of the tumor or the fetus. If the technology can be performed robustly and on multi-
ple genes simultaneously, this would allow the performance of noninvasive gene
expression profiling by using peripheral blood of cancer patients or pregnant women.
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CONCLUSIONS

The recent interest in circulating nucleic acids has produced many exciting devel-
opments. With further research, this field has the potential to revolutionize medical
diagnostics, with new possibilities for the investigation of cancer patients, for
performing prenatal diagnosis, and for monitoring transplant and trauma patients.
On the biological side, this field has also provided us with new insights into many
fundamental biological processes, such as the release and clearance of DNA.
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