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Summary
Background: Lung cancer is the most common cause of cancer death in developed
countries. The prognosis is poor with only 10—15% of patients surviving 5 years af-
ter diagnosis. This dismal prognosis is attributed to the lack of efficient diagnostic
methods for early detection and lack of successful treatment for metastatic disease.
Within the last decade, rapid advances in molecular biology and radiology have pro-
vided a rational basis for improving early detection and patients’ outcome. A non-
invasive blood test effective in detecting preneoplastic changes or early lung cancer
in high risk individuals has been perceived as a holy grail by cancer researchers.
Methods: The introduction of polymerase chain reaction (PCR)-based technology in
the late 1980s and its refinement over the last 10 years have allowed us to detect
and quantify extremely small amounts of tumour-derived nucleic acids. This has led
to an increased knowledge of the molecular pathogenesis of lung cancer and a basis
for the use of DNA and RNA markers in blood for early cancer detection, diagnostics,
and follow-up. Common genetic alterations in lung carcinogenesis are already well
known. We reviewed published literature on DNA and RNA in plasma or serum in
lung cancer patients up to 2004, with particular emphasis on reports published since
1995.
Results: Twenty-two clinical studies have evaluating the role of DNA and RNA aber-
rations in the blood of lung cancer patients. A total of 1618 (range 10—163/study)
cases and 595 (range 10—120/study) control cases were evaluated, and overall
plasma/serum abnormalities were found in 43% (range 0—78%) of cases and 0.8%
of healthy controls. For (1) total DNA and gene expression levels, 61% (range
53—71%) of cases and 0.9% of controls; (2) oncogene mutations, 16% (range 0—30%)
and 0%; (3) microsatellite alterations, 46% (range 24—71%) and 21% (controls
with non-malignant pulmonary disease); (4) promoter methylation, 42% (range

5—73%) and 0%; (5) tumour-related RNAs, 54% (range 39—78%) and 6%. In general,
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the studies contain small series of lung cancer patients and even smaller or missing
case control groups.
Conclusion: The analysis of circulating DNA or RNA in plasma is a promising non-
invasive diagnostic tool, requiring only a limited blood sample. Its wide applicability
and potential importance will possibly lead to increasing clinical impact in the near
future. However, large prospective clinical studies are needed to validate and stan-
dardise any tests for DNA or RNA alteration in plasma or serum of high risk individuals
or patients with established lung cancer.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

In the western world, lung cancer is one of the most
common cancers and the leading cause of cancer
deaths. In the US, lung cancer accounts for more
deaths than prostate cancer, breast cancer, and
colorectal cancer combined [1]. The high mortal-
ity rate is related to the low cure rate (6—15%),
which in turn is related to the lack of adequate
screening and early detection measures. Only 15%
of lung cancer patients are diagnosed at an early
stage [2]. The lung cancer cure rates have been rel-
atively unaltered for 40 years, and further substan-
tial increase is not to be expected with the current
treatment modalities. The most promising way to
improve this dismal prognosis is by means of early
detection.

About 90% of the lung cancer cases are caused
by cigarette smoking [3—5]. Primary prevention

measures aimed at decreasing tobacco expo-
sure are extremely important. But even if in-
terventions reduced cigarette smoking dramati-
cally, today’s smokers will have a significantly
increased lung cancer risk for the next 20—40
years. Thus, in addition to primary prevention, sec-
ondary prevention such as early detection measures
will be important tools for reducing lung cancer
deaths.

The aim for early detection is to identify lung
cancer at a stage early enough to be curable by
surgery. The problem has, hitherto, been lack of
valid screening methods. There are no consen-
sus or established methods to screen smokers or
other high risk individuals for lung cancer. Previ-
ous studies of sputum cytology or annual X-rays
showed no benefits in lung cancer mortality reduc-
tion [6—9]. Nevertheless, low resolution lung CT
screening of high risk individuals (heavy smokers)
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appears promising [10—13]. The first two large ran-
domised trials are already on its way in France and
the US (National lung screening trial).

Undoubtedly, the success in improving lung can-
cer outcomes lies along the path of improving the
detection of early lung cancer. We know that 20—30
years of smoking are required before lung cancer
rates significantly increase. Lung carcinogenesis is
a multistep process characterised by the accumu-
lation of successive molecular genetic and epige-
netic abnormalities, resulting in selection of clonal
cells with uncontrolled growth capacities through-
out the respiratory tract. This concept is known as
‘‘field cancerisation’’, whereby the gradual accrual
of sequential genetic andmorphological changes ul-
timately results in the formation of an invasive tu-
mour. Molecular lesions far precede morphological
transformation of preneoplastic bronchial or alve-
olar lesions [14]. Therefore, it can be inferred that
this preinvasive phase of lung cancer may last for
a period of years to decades. The length of this in-
terval has lately been a window of opportunity for
early detection of genetic and epigenetic abnor-
malities, in the genes involved in cell cycle, senes-
cence, apoptosis, repair, differentiation, and cell
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rant DNA among an excess background of normal
genes.

2. History of circulating nucleic acids

The presence of DNA and RNA in plasma of can-
cer patients has been recognised since the 1970s
[16,17]. But it was not until the late 1980s that
this circulating DNA was shown to exhibit tumour-
related alterations [18]. In 1994, two groups of
investigators demonstrated that specific oncogene
mutations could be detected in the plasma of pa-
tients suffering from pancreatic cancer [19] and
myelodysplastic syndrome [20]. Two years later,
LOH and microsatellite instability (MSI) were found
in the primary tumours as well as in the plasma or
serum of patients suffering of lung and head and
neck cancers [21,22]. These findings suggested that
high fractional concentrations of tumour DNA were
present in the plasma/serum of these patients.

During the 1990s, a large number of tumour-
associated genetic and epigenetic changes were
detected in the plasma/serum of cancer patients:
Ras and p53 mutations, microsatellite alterations,
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igration control, in bronchial biopsies or sputum
pecimens.

The early tumour markers were primarily pro-
eins, but only a small subset of tumours would se-
rete specific proteins that could be used as tumour
arkers. However, many of these early methods
ere subjected to major shortcomings such as lim-

ted sensitivity and specificity. The recent advances
n molecular biology and genetics, and the acceler-
ted knowledge within molecular pathology of can-
er have lead to a rapid technological development.
hus, today multiple new genetic and epigenetic al-
erations can be characterised in cancer cell lines
nd in malignant tumours. These abnormalities in-
lude genetic gains, losses, and loss of heterozy-
osity (LOH: deletion of one copy of allelic DNA
equences) and may affect several chromosomes.
pregulation of oncogenes and downregulation of
umour suppressor genes may result from chromo-
omal events, such as gene amplification, deletion,
r modification of DNA transcription. Of diagnostic
ignificance is the fact that many of these changes
re also detectable in the plasma/serum of cancer
atients [15].
Based on new molecular detection methods,
ainly polymerase chain reaction (PCR)-based as-

ays, circulating tumour DNA can now easily be ex-
racted from serum, plasma, saliva, bronchoalve-
lar lavage fluid, and urine. Due to its high speci-
city and sensitivity, these PCR-based techniques
an detect small amounts of circulating aber-
berrant promoter hypermethylation of several
enes, rearranged immunoglobulin heavy chain
NA, mitochondrial DNA mutations, and tumour-
elated viral DNA [23,24]. Lately, work onmRNA, us-
ng essentially similar methodology, have appeared
romising as the percentage of tumours (different
alignancies) detectable with this assay appears

o be higher than that found with DNA markers
25]. Cell-free mRNA can be detected in plasma as
ell [26]. Studies with RNA markers are particu-

arly promising due to their close association with
alignancy, and RNA markers may eventually im-
rove the early detection rate in plasma/serum of
ung cancer patients [27].

Over this period, it was demonstrated that
umour-related DNA was not confined to any spe-
ific cancer type, but appeared to be a common
nding across different malignancies. Hence, mu-
ant plasma DNA has been found in lung, head
nd neck, colorectal, gastric, pancreatic, liver, bil-
ary tree, skin, breast, kidney, ovarian, cervical,
ladder, and prostate cancers as well as haemato-
ogical malignancies including lymphomas. In this
eview, we will emphasise different approaches
or tumour-related nucleic acid detection in the
irculation, the potential of circulating nucleic
cids as tumour markers in early detection, mon-
toring and/or prognostication, and more specif-
cally present results from different studies of
NA and RNA in plasma/serum from lung cancer
atients.
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3. Circulating tumour nucleic acids in
plasma and serum

3.1. Oncogene mutations and amplifications

Oncogene mutations can be found in a wide vari-
ety of cancers. The detection of such mutations in
plasma or serum provides solid evidence that nu-
cleic acids are released into the circulation by tu-
mours.

The K-ras family of proto-oncogenes is part of
the downstream signalling pathway of several dif-
ferent molecules. Activated point mutations of the
K-ras gene are one of the most common genetic
alterations found in human malignancies, and it
was the first tumour-specificmutation sequence de-
tected in the blood of cancer patients [19,20]. K-ras
mutations are rather frequently seen in lung cancer,
but are largely limited to adenocarcinomas [28].
K-ras gene mutations in plasma are of particular

interest and are the most extensively studied mu-
tations in blood [29]. These gene mutations are: (1)
frequently found in various types of tumours (col-
orectal, pancreatic, and lung cancers), (2) point
mutations (codons 12, 13, and 61) identical in the

3.2. Microsatellite alterations

Genomic instability is a hallmark of malignant cells
and creates a permissive state allowing for the ac-
cumulation of genetic alterations, which lead to
tumour development and progression. Microsatel-
lites are repetitive DNA sequences (up to five nu-
cleotides long) that form variable-length stretches
of DNA. In mammalian DNA, the most common mi-
crosatellite is the nucleotide repeat of cytosine and
adenine which occurs in tens of thousands loca-
tions. With appropriate primers it is possible to am-
plify DNA fragments that can be used as microsatel-
lite markers, and with a ‘‘panel’’ of such markers,
tumours can be profiled. Characteristic microsatel-
lite alterations due to genomic instability, such as
microsatellite instability and LOH are frequently
demonstrated in tumour tissues and in plasma. The
detection of LOH in plasma or serum of patients
suffering from small cell lung cancer (SCLC) and
head and neck cancer, was simultaneously reported
by two groups in 1996 [21,22]. Microsatellite alter-
ations were present in three-quarters of the tissues
and in a similar fraction of plasma, and interestingly
these changes were identical to those found in the
primary tumours. These findings not only confirmed
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patient’s tumours and plasma [19,30,31], and (3)
relatively easily detected due to a limited reper-
toire of mutations. Since the point mutations occur
early in the development of cancer, are highly spe-
cific for cancer, have well-characterised sites, and
has been detected in plasma up to several months
prior to the clinical diagnosis in occasional cases
[32] they offer interesting insights into the pos-
sibilities for use in serologic diagnosis. While the
broad spectrum of tumours exhibiting K-ras muta-
tions limits the specificity of K-ras mutation tests
for particular cancers, any mutation detected in
plasma will be specific for a malignant disorder in
contrast to non-malignant conditions.

The p53 gene, located on the short arm of chro-
mosome 17, is one of the prototype tumour suppres-
sor genes, involved in the regulation of cell prolif-
eration. Mutations of this gene are also among the
most common genetic changes in human cancers,
and occur at an early stage of lung carcinogene-
sis. According to the study by Zienolddiny et al.
[33], there is a highly significant correlation be-
tween p53 mutations and LOH (deletions on 3p,
5q, 9p, and 17p). Mutated p53 sequences have also
been detected in the plasma of lung cancer patients
[34—36]. The mutations in plasma correspond to
those in the primary tumour, and the presence in
plasma of these mutated genetic sequences is gen-
erally associated with more advanced staging and
larger tumours [34].
he presence of tumour DNA in plasma/serum, but
oreover suggested that they constituted a major
roportion of the circulating DNA. Similar results
ave also been shown for non-small cell lung can-
er (NSCLC) [37—39].
As different groups of investigators have used

ifferent numbers and locations of microsatellite
arkers, the results are heterogeneous. In a larger

ollow-study of SCLC patients, Gonzalez et al. [34]
ound that 71% of the cases exhibited at least one
olecular change in plasma precisely matching that
f the primary tumour. This alteration was also a
trong prognostic indicator. Positive results can also
e seen in patients having small tumours or in situ
arcinomas [40,41]. This indicates that the amount
f DNA released can be detectable even in the early
tages of disease. On the other hand, there is a
rend that positive results correlates with the clin-
copathological characteristics of the lung carci-
oma as patients having LOH in their plasma/serum
re more likely to have invasive tumours, regional
pread, and distant metastases [34].

Microsatellite alterations in plasma DNA were
etected in 43% of patients with stage I non-small
ell lung cancer and in 45% of tumours up to
cm in diameter [42]. Sixty-one percent of the
ases displayed the same abnormalities in the pri-
ary tumour as in the plasma DNA. None of the
ontrol subjects had genetic abnormalities in the
lasma (specificity 100%). However, in five operated
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cases these abnormalities were only observed in the
plasma DNA, raising the hypothesis that in spite of
complete resection, these abnormalities in circu-
lating DNA may be micrometastases. Sozzi et al.
[43] and Gonzalez et al. [34] further demonstrated
that in lung cancer (both NSCLC and SCLC) patients
whose plasma showed LOH, these changes disap-
peared from their plasma after successful ther-
apy. In contrast, the patients with no treatment re-
sponse showed no normalisation of the plasma DNA
abnormalities. Interestingly, at recurrence of their
lung carcinomas, these tumour specific changes
reappeared. Thus, microsatellite markers appear
valuable in early detection, prognostication, and
monitoring treatment effects.

3.3. Epigenetic changes

Epigenetic mechanisms are the regulation of
changes in gene expression by means which do not
involve modifications in DNA sequence, and provide
additional instructions of how, where, and when the
genetic information should be used. In contrast to
the former permanent genetic alterations, epige-
netic changes do not need to be permanent. The
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methyl-transferase (MGMT) [46]. These genes may
play important roles either in the regulation
of cell cycle or in the pathway of DNA repair
[47]. Development of methods like methylation-
specific polymerase (MSP) chain reaction [48] al-
lows the detection of small amounts of hyper-
methylated sequences in a background of a wide
range of sequences and thus makes assessment in
plasma/serum of cancer patients possible. The rate
of detecting such changes in plasma/serum depends
on the sensitivity of the detection method. In co-
horts of NSCLC patients, Esteller et al. [46] found
hypermethylation of the DAP kinase gene in serum
from 80% of the patients whereas in the study by
Ramirez et al. [49] this hypermethylation was de-
tected in the serum of 40% of the patients. The
hypermethylation in serum and tumour tissues was
similar [46].

3.4. Mitochondrial DNA

Human cells contain several hundred copies of mi-
tochondrial DNA that encodes respiratory chain pro-
teins, tRNAs, and rRNAs. Several mutations in the
mitochondrial genome have been documented for
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ajor form of epigenetic information inmammalian
ells is DNA methylation. Thus, epigenetic changes
escribe the inheritance of information by the mod-
fications of DNA other that its sequence.

CpG islands are 0.5—2 kb regulatory regions, rich
n cytosine—guanine dinucleotides and are present
n the 5′-region of approximately half of human
enes [44]. DNA methylation of theses cytosine
esidues is an epigenetic characteristic associated
ith the silencing of gene expression. Alteration of
NA methylation patterns, including global genome
ypomethylation and regional hypermethylation of
umour suppressor genes at the CpG islands in the
romoter regions of these genes, are increasingly
ound in different types of tumours. This is a com-
on phenomenon in lung cancer, as demonstrated
y the analysis of the methylation status of more
han 40 genes from lung cancer tumours, cell lines,
atients’ sputum and/or serum [45]. Determina-
ion of the methylation patterns of multiple genes
o obtain complex DNA methylation signatures ap-
ears promising in order to provide a highly sen-
itive and specific tool for lung cancer diagnosis
45].

These changes are thought to be closely associ-
ted with tumorigenesis, and have aroused much
nterest since methylation should be amenable to
herapeutic intervention. Genes, which are fre-
uently hypermethylated in lung cancers, are p16,
eath-associated protein kinase (DAPK), gluthation
-transferase P1 (GSTP1), and O6-methylguanine
olorectal, bladder, lung, and head and neck carci-
omas [50]. In prostate cancer patients, Jeronimo
t al. [51] reported in 2001 for the first time the
nding of mutated mitochondrial DNA sequences in
lasma. They reported that identical mutations of
he mitochondrial DNA could be detected in both
lasma and tumour tissues from the patients. This
tudy showed for the first time the presence of
umour specific mitochondrial DNA in the circu-
ation. As tumour tissues contain high copy num-
ers of mitochondrial DNA sequence, detection in
lasma/serum of tumour mitochondrial DNA may
ffer a sensitive way to detect early disease. Un-
il now, mutated mitochondrial DNA sequences in
lasma have not been reported in lung cancer pa-
ients.

.5. Plasma RNA detection

essenger RNA (mRNA) is the intermediate be-
ween the coding gene and the final product, which
s protein, and at the cellular level, the concen-
ration of the respective protein is proportional to
he mRNA level. As different tumour types typically
xpress a different repertoire of protein, the re-
pective mRNA can be used as a marker for cancer
creening and monitoring. As circulating RNase is
resent in the blood of healthy individuals with an
ven higher level in cancer patients [52], one would
xpect all free RNA in the blood to be rapidly de-
troyed. In 1999, however, Lo et al. [53] found that
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Table 1 Studies evaluating total DNA in the blood of lung cancer patients and controls

References Tumour
type

Marker No. of lung
cancer cases

Serum/plasma positive No. of
controls

% Positive

No. %

[57] NSC/SC Total DNA 68 36 53 26 0
[55] NSC/SC Circ DNA 45 32 71 59 0
[43] NSC Circ DNA 84 45 54 43 0
[58] NSC QPCR hTERT 100 69 69 100 2

Total 297 182 61 228 0.9

Abbreviations: NSC, non-small lung cancer; SC, small cell lung cancer; hTERT, human telomerase catalytic component.

cell-free Epstein—Barr virus associated RNA could
be detected in the blood of patients with nasopha-
ryngeal carcinoma, using a similar methodology as
for DNA analysis. At the same time, Kopreski et
al. [26] demonstrated the presence of tyrosinase
mRNA in malignant melanoma patients while no ty-
rosinase mRNA could be detected in the healthy in-
dividuals, suggesting the existence of extracellular
tumour-derived RNA in the circulation, protected
from RNase. This distinction between cancer pa-
tients and healthy individuals may allow plasma-
based RNA expression profiling for cancer screening
and monitoring in the future.

Several groups have confirmed these findings
by detecting different mRNA types in plasma or
serum of cancer patients [15]. In lung cancer
patients, several potentially useful mRNAs have
been investigated. In 18 lung cancer cases, Fleis-
chhacker et al. [27] found that hnRNP mRNA and
Her2/neu-spesific mRNA were detected in plasma
in 14 and 7 cases, respectively, and that either
of the two was selectively detectable in all cases
with a malignant lung tumour. In a material of five
patients with breast cancer and 14 with non-small
cell lung cancer, Kopreski et al. [54] reported

cases is smaller or controls are missing, and the
methods have not been validated or standardised.
For all 22 studies, a total of 1618 cases and 595
control cases were evaluated, and plasma/serum
abnormalities were found in 43% (range 0—78%)
cases and 9.9% among control cases. When estima-
tions are based solely on healthy controls in this
review, plasma/serum abnormalities were virtually
none (0.8%) among these cases. In the study by Khan
et al. [39], the control cases consisted of blood sam-
ples from patients with non-malignant respiratory
diseases (Table 3), and these accounted for 54 of
59 (92%) positive control. In several studies, the
plasma DNA concentrations have been reported to
be substantially higher in patients with pulmonary
diseases compared to healthy controls [55,56]. Ex-
cept for the study of Khan et al. [39], there are no
consistent reports on different frequencies of spe-
cific DNA alterations between healthy controls and
patients with non-malignant pulmonary diseases.

4.1. Total circulating DNA

Four of the studies [43,55,57,58] measured cir-
culating DNA quantitatively by various methods
(
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detection of tumour-derived tyrosinase mRNA in
the serum of 43% of lung cancer patients and in
only 12% of normal control sera.

4. Summary of available data on
circulating DNA and RNA in plasma or
serum of lung cancer patients

Hitherto, there are 22 clinical studies evaluating
the role of circulating nucleic acids in blood as pos-
sible markers in lung cancer patients. These can be
divided into studies measuring total DNA, gene ex-
pression levels, mutations in specific oncogenes, tu-
mour suppressor genes, microsatellite alterations,
promoter methylation of various tumour suppres-
sor genes, and tumour-related RNAs. In general the
case numbers are limited, the number of control
Table 1). They reported increased (above cut-off)
irculating DNA levels in 61% (range 53—71%) of
ases and in only 0.9% (range 0—2%) of controls.
n a case-control study of 330 subjects including
ealthy controls, patients with various cancers and
atients with non-neoplastic diseases, the investi-
ators found that earlier quantitative methods for
ssessments of plasma DNA were not adequately
ensitive or specific for cancer screening or diag-
osis [59]. These data were consistent with a re-
ent European multicentre study in healthy con-
rols, chronic obstructive pulmonary disease pa-
ients, and in patients with a variety of cancers
56]. The latest study by Sozzi et al. [58] is the
argest series reported, and their employed real-
ime quantitative PCR method clearly has a more
avourable sensitivity (78%) and specificity (95%).
he control group (n = 100) in this study consisted of
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Table 2 Studies evaluating circulating K-ras and p53 mutations in the blood of lung cancer patients and controls

References Tumour
type

Marker No. of lung
cancer cases

Serum/plasma positive No. of
controls

% Positive

No. %

[49] NSC K-ras mutation 50 12 24 0
[60] NSC K-ras mutation 35 0 0 15 0
[31] NSC K-ras mutation 163 19 12 0
[35] NSC p53 mutation 64 19 30 0
[36] SC p53 mutation 10 1 10 0

Total 322 51 16 15 0

Abbreviations: NSC, non-small lung cancer; SC, small cell lung cancer.

heavy smokers with minimum 20 pack years. Based
on their data, the authors conclude that higher lev-
els of free circulating DNA can be detected in pa-
tients with lung cancer compared with disease-free
heavy smokers, and that this suggests a new non-
invasive approach for early detection of lung cancer
in high risk individuals [58].

4.2. Circulating gene mutations

Table 2 presents data from all available stud-
ies on circulating K-ras and p53 mutations
[31,35,36,49,60]. K-rasmutations were detected in
the plasma of 13% of cases (range 0—34%) and p53
mutations in 25% (range 12—30%). Kimura et al. [31]
have recently reported the largest study (n = 163)
in this group. They found that K-ras point muta-
tions in plasma DNA were identical to the muta-
tions found in the tumours, confirming the tumour
as the source. The only control case study was pre-
sented by Bearzatto et al. [60]. None of the con-

trols or the lung cancer cases in their study had
K-ras mutations in their blood, though K-ras muta-
tions were detected in 31 of 35 (89%) tumours. It
has also been reported that that K-ras mutations in
serum significantly correlate with survival [49]. In
another recent study on 64 stages I—III non-small
cell lung cancer patients, Andriani et al. [35] found
p53 mutations in 41% (n = 26) of the lung tumours,
and detected the identical mutation in the plasma
of 73% (n = 19) of the tumour positive cases.

4.3. Circulating microsatellite alterations

LOH and the presence of allele shifts, indicating ge-
nomic instability, have been studied in 11 reports
(Table 3) [21,34,35,37—39,42,43,60—62]. In all se-
ries, there were used between 2 and 9 markers
to increase the percentage of abnormal findings.
Microsatellite alterations in serum or plasma were
found in 46% (range 24—71) of 502 cases. In fact, in 5
of 11 studies, alterations were observed in 61—71%.

Table 3 Studies evaluating circulating microsatellite alterations (MSA) in the blood of lung cancer patients and
controls

es

canc
References Tumour
type

MSA No. of lung
cancer cas

No. of markers

[42] NSC 2 87
[37] NSC/SC 3 43
[61] NSC/SC 3 28
[21] SC 3 21
[39] NSC/SC 3 86
[34] SC 4 35
[38] NSC 4 22
[35] NSC 5 64
[60] NSC 5 34
[43] NSC 5 38
[62] NSC/SC 9 24

Total 502

Abbreviations: NSC, non-small lung cancer; SC, small cell lung
a Patients with non-malignant respiratory diseases.
Serum/plasma positive No. of
controls

% Positive

No. %

35 40 14 0
14 33 10 0
17 61 31 0
15 71 0
59 69 120 42a

25 71 0
6 28 0

23 36 0
11 32 0
9 24 43 0

17 71 20 0

231 46 238 21

er.
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Table 4 Studies evaluating circulating methylated genes in the blood of lung cancer patients and controls

References Tumour
type

Methylation
markers

No. of lung
cancer cases

Serum/plasma positive No. of
controls

% Positive

No. %

[63] NSC APC 89 42 47 50 0

[49] NSC TMS1 50 17 34 0
DAPK 50 20 40 0
RASSFS1A 50 17 34 0

[60] NSC p16 35 12 34 15 0

[46] NSC p16 22 3 14 0
DAKP 22 4 18 0
GSTP1 22 1 5 0
MGMT 22 4 18 0

[64] NSC p16 105 77 73 0

Total 467 197 42 65 0

Abbreviations: NSC, non-small lung cancer; SC, small cell lung cancer; APC, adenomatous polyposis coli; TMS1, target of methy-
lation induced silencing; RASSFS1, Ras effector homologue; DAPK, death-associated protein kinase; p16, suppressor gene p16;
GSTP1, gluthation S-transferase P1; MGMT, O6 methylguanine methyl-transferase.

In five of six studies that included control cases, all
controls were negative for alterations in the blood.
However, the one study by Khan et al. [39], repre-
senting about half of the control cases in this group
of cases, revealed microsatellite alterations in the
plasma of 42% of their control cases. In their study,
however, patients with non-malignant respiratory
diseases constituted their group of controls.

There was a relatively good correlation in preva-
lence for microsatellite alterations in tumour tis-
sue and in blood. About 67% (range 56—83%) of the
tumour tissues were positive for at least one mi-
crosatellite alteration. Of these cases, 77% (range
58—94%) also displayed identical alterations in the
blood [21,35,42,60—62], providing proof that the
plasma DNA alterations are tumour-specific in most
cases. However, the studies were limited in size,
and no significant associations were found between
the frequencies of microsatellite alterations in
plasma and tumour stage, histology or other clinical
factors. As amatter of fact, plasma alterations have
been detected at a similar frequency in stage I pa-
tients when compared to patients in all stages [35],
indicating that DNA alterations are early events in
lung cancer.

blood was detected on average in 42% (range
5—73%) of cases and in none of 65 controls. Assess-
ing the methylation of three genes, Ramirez et al.
[49] found that methylation in tumour and serum
was closely correlated. Their ratio of gene methy-
lation in plasma versus tumour was 93%. In another
study, 88% of the cases with methylated p16 se-
quences in tumour samples also demonstrated this
epigenetic alteration in the corresponding plasma
DNA. And only patients whose tumour cells had hy-
permethylated p16 gene exhibited aberrant methy-
lation in their plasma samples. Esteller et al. [46],
searched for promoter hypermethylation of the tu-
mour suppressor gene p16, the putative metasta-
sis suppressor gene DAPK, the detoxification gene
GSTP1, and the DNA repair gene MGMT in 22 non-
small cell lung cancer patients. Despite low fre-
quencies of methylation in plasma for each of the
genes, using all for as markers they could detect
50% of patients with hypermethylations in plasma.

4.5. Plasma RNA detection

Summarised in Table 5 are data from the two pub-
lished studies on circulating tumour-related mRNA
i
c
t
a
h
w
b
e
s

4.4. Methylated promoter regions in plasma
or serum

Methylation-specific PCR techniques have been
used to quantify methylation of the promoter re-
gion of a number of tumour suppressor genes
[46,49,60,63,64]. Summarising the five studies
(Table 4), methylation of the examined gene in
n lung cancer patients. Control cases were in-
luded in both studies. Overall, plasma was posi-
ive for tumour-related mRNA in 54% of the cases
nd 6% of the controls. Using the mRNA markers
nRNP-B1 and Her2/neu, Fleischhacker et al. [27]
ere able to detect all patients with lung cancer
y serum examinations. In contrast, other markers
ither lacked sensitivity (MAGE-2, PGP, TTF-1) or
pecificity (CK19). Investigating tyrosine mRNA, Ko-
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Table 5 Studies evaluating circulating tumour-related mRNA in the blood of lung cancer patients and controls

References Tumour
type

mRNA
markers

No. of lung
cancer cases

Serum/plasma positive No. of
controls

% Positive

No. %

[54] NSC 5T4 14 6 43 25 12

[27] NSC/SC hnRNP-B1 18 14 78 12 0
Her2/neu 18 7 39 12 0

Total 50 27 54 49 6

Abbreviations: NSC, non-small lung cancer; SC, small cell lung cancer; 5T4, thyrosinase mRNA; hnRNP-B1, hnRNPB1 mRNA;
Her2/neu; Her2/neu specific mRNA.

preski et al. [54] detected 5T4 in the sera of 43% of
lung cancer patients, but also in 12% (n = 3) of the
healthy controls.

5. Future prospects and challenges

According to the available data, it may be possible
to detect more than 80% of lung cancer cases using
a combination of appropriate DNA and RNA mark-
ers, indicating the possibility to develop a simple
blood test to help diagnose lung cancer. In this re-
gard, circulating tumour-derived DNA and RNA may
possibly be among the most clinically useful molec-
ular markers of cancer during the next decade, due
to the possibility to retrieve these markers in a non-
invasive fashion.

As has been demonstrated in this review, the
analyses of circulating nucleic acids allows the pos-
sibility of finding tumour-cell specific alterations
circulating in blood at a premalignant phase or an
early stage of lung cancer. Among individuals at
high risk of lung cancer, Allan et al. [65] found
that 33% (13/40) had microsatellite alterations in
p
d
i
c
a
D

a
t
N
e
t
w
p
b
m
r

Most studies have found no correlations between
tumour size, stage of disease, tumour site, progno-
sis, and amount of plasma DNA [43,59,62,70]. How-
ever, in a recently published study of 185 NSCLC pa-
tients, Gautschi et al. [71] found that plasma DNA
concentrations correlated to elevated serum lac-
tate dehydrogenase levels, advanced tumour stage,
and poor survival. Anyway, data reviewed above in-
dicate that nucleic acid alterations in plasma or
serum are as frequent in early as advanced stage
NSCLC.

Still, further work is clearly needed to refine
present semiquantitative and quantitative assay
techniques, identify additional DNA and RNA tu-
mour markers, and refine present techniques for
extracting high-quality nucleic acids from blood. At
a technical level, a variety of analytical and preana-
lytical issues remain to be addressed. Further, stan-
dardisation and validation of the analytical meth-
ods have to be performed. This will make compar-
isons between different series more feasible. Re-
garding the data presented in this review, the fre-
quency of nucleic acid alterations in plasma differs
significantly between various studies: Assays for
hTERT varied from 25 to 69% positive markers, K-ras
m
a
m
s
m
i
d
c

a
c
u
S
t
i
t
o

lasma. Twelve of these (92%) were subsequently
iagnosed with lung cancer. Two patients were pos-
tive for LOH in plasma samples that pre-dated the
ancer diagnosis by several months, indicating that
ssays of genetic alterations in circulating plasma
NA may be useful in early detection of the disease.
Furthermore, analyses of circulating nucleic

cids may in the future be used for selection of
reatment and monitoring of treatment effect in
SCLC [66]. In 2003, Clarke et al. [67] reported that
pidermal growth factor receptor (EGFR) mRNA in
he blood was found elevated in 30% of patients
ith NSCLC. Considering the EGFR mutation data
ublished recently [68,69], the measurement in
lood of activating mutations of the EGFR mRNA
ay be clinically relevant in the near future with

espect to treatment with drugs targeting EGFR.
utations varied from 0 to 24%, and microsatellite
lterations also varied considerably. This disparity
ay reflect variations in sample source (plasma or

erum), collection and preparation of blood speci-
ens, DNA/RNA extraction processes, and analyt-

cal methods [71,72]. Thus, validation and stan-
ardisation of each of these analytical steps are
ritical.
Nevertheless, the available data are promising

nd should instigate large-scale prospective clini-
al trials in high risk individuals, comparing molec-
lar assays with the best conventional clinical tests.
uch clinical trials should be based on the integra-
ion of conventional clinical and pathohistological
nformation with molecular approaches. In addition
o answering questions regarding molecular aspects
f screening, diagnosis, and follow-up, such trials
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may also provide new pathophysiological insights
into the genesis and progression of this highly lethal
disease.

6. Conclusions

There is an apparent need for novel markers and
for the development of sensitive and specific non-
invasive diagnostic assays for early detection, prog-
nostic evaluation, and surveillance for recurrence.
As circulating DNA and RNA are easily accessible in
the blood and appear to be relevant surrogate ma-
terials for genetic alterations present in the primary
tumour, tests for DNA and RNA alterations in plasma
may have great potential especially for early detec-
tion, diagnostics, and monitoring for relapse during
follow-up. These tests need, however to be vali-
dated in large prospective clinical lung cancer trials
before they are ready for prime time.
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