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L ung Cancer-rdated Genesin the Blood

Makoto Sonobe, MD, Fumihiro Tanaka, MD, and Hiromi Wada, MD

Tumor-related genes can be found circulating in the blood of cancer patients. These genes may
be derived from circulating cancer cellsor from the patient’s primary tumor directly by a pro-
cessreferred to as* gene shedding.” Selective and sensitive detection of tumor-related genesin
theblood of cancer patients hasbeen made possible by the advent of polymer ase chain reaction-
based technology that can detect mutations, polymor phisms, microsatellite instability, loss of
heter ozygosity, and promoter hyper methylation. Several reports have documented the clinical
potential of using circulating tumor-related genesasa molecular marker for the early detection
of lung cancer, and as a prognostic tool in these patients; larger, prospective studies will be
needed to test the feasibility of thisapproach. Certainly, such an approach in lung cancer pa-
tientswould be attractive sinceit isnoninvasive and employsréatively easy and rapid method-
ologies. (Ann Thorac Cardiovasc Surg 2004; 10: 213-7)
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I ntroduction

It has been reported that both free DNA and RNA are
present in the blood of cancer patients, and that their con-
centration increases in patients whose cancer has metas-
tasized.*® Theincreased presence of circulating DNA and
RNA isnot in and of itself specific to cancer patients,
sinceit is aso found in patients with inflammation, in-
fection, or autoimmune disease such as systemic lupus
erythematosus.”? Recent advances in biochemical tech-
nology have made it possible to selectively detect very
small amounts of tumor-related genes in the blood in-
cluding tumor-specific genes, tumor-specific gene alter-
ations, and tumor-specific gene expression. Many of the
increasing number of reportsin this area have suggested
that the ability to selectively detect tumor-related genes
in the blood may be useful in the management of cancer
patients.
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In this article, we review which tumor-specific genes
have been found in circulating blood and discuss the
methods used for detecting those genes. We also discuss
theclinical potential of thistechnique in diagnosing lung
cancer, providing information necessary in formulating a
follow-up strategy, and predicting the patients’ prognosis.

Origin of Genesin the Blood

Microsatellite instability (M1), which was demonstrable
in small>® and non-small®® cell lung carcinoma tumors,
was also found in the circulating DNA of patients with
these neoplasms. Allan et al. reported that the loss of al-
Ielic heterozygosity (LOH) in circulating genesin patients
with lung cancer corresponded to the LOH seen in their
primary tumor.® Usadel et al. reported that promoter
hypermethylation of the APC1A gene was detectable in
47% of the serum/plasmasamples of 89 patientswith lung
cancer that had promoter hypermethylation of the APC1A
gene, but not in the seraof 50 healthy controls.’® Ramirez
et al. similarly demonstrated that the patterns of promoter
hypermethylation in the serum free DNA of 51 lung can-
cer patients correlated highly with the patterns seen in
the lung cancer cells themselves.™¥ However, tumor-re-
lated alterations in circulating genes in cancer patients
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Fig. 1. Two theories as to the source of circulating tumor-related genes.

have not always corresponded to the modification seen
inthe original tumor.>*® Smokers exhibit the same DNA
methylation in their normal and precancerous tissues as
seen in lung cancer tissue, suggesting that smoking may
directly induce the methylation of circulating DNA.*
Nevertheless, alterations in circulating genes appear to
reflect the presence of cancer, having likely originated, at
least in the case of lung cancer, from the original tumor.

The presence of cancer-related genesin the blood can
most readily be explained in one of two ways™ (Fig. 1).
It may be that these genes originated in circulating can-
cer cells. Though there is no direct evidence supporting
thisview in patients with lung cancer, the mRNAs of sev-
eral genes (e.g., the epidermal growth factor receptor and
carcinoembryonic antigen genes), which are rarely de-
tected in healthy persons, have been detected in the blood
of lung cancer patients using the reverse transcription
polymerase chain reaction (PCR) method.’** These data
suggest that circulating lung cancer cells were the source
of these mMRNASs. Free DNA may also be derived from
circulating cancer cells.

Alternatively, tumors may shed their genes into the
blood. Some of the cellsin primary lung tumors undergo
apoptotic or necrotic cell death. Asaresult, genomic DNA
from these cells may enter the circulation, though there
isno direct evidence of such “gene shedding.” However,
Silva et a. did report that the plasma of 44% of breast
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cancer patients that was collected before mastectomy had
some tumor-related DNA alterations, while only 19.5%
of patients showed these alterations in plasma that was
collected after mastectomy.? This reduced rate of DNA
aterations after mastectomy indirectly supportsthe“gene
shedding” hypothesis.

Detection of Circulating Tumor-related Genes
in the Blood

Severa PCR assays, described below, can be used to de-
tect tumor-related genesin the blood.

Detection of mutated genes

Several methods have been used to detect cancer-related
gene mutations such as in K-ras codons 12 and 13 and
p53. Gene mutations such as point mutations, deletions,
and insertions can be detected by single-strand confor-
mation polymorphism analysis,?” the mutant-enriched
PCR method which applies the principle of restriction
fragment length polymorphisms,? or mutation allele spe-
cific PCR.®

Detection of M| and LOH

Microsatellites are stretches of variable length DNA that
consist of mono-, di-, tri-, tetra-, penta-, or hexanucleotide
repeats. While rarely mutated in normal cells,
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microsatel lites are often mutated in tumor cellswhere such
mutations are referred to as MI. Such instability isacom-
mon genetic alteration in lung cancer.?*?® LOH refersto
the deletion of one of two copies of chromosomal alelic
DNA sequences. In lung cancer, LOH in regions of chro-
mosomes 3, 5, 9, 13, or 17 is frequently observed.?”-*9

Electrophoresis of the PCR products of microsatellite
markers revealed MI in one or more new bands, as well
as LOH as revealed by the significant reduction in the
density of the allelic band. Chen et al. were the first to
report the presence of M1 and Sanchez-Cespedes et al.
were the first to report LOH analysis in the circulating
DNA of lung cancer patients.”

M ethylation-specific PCR (M SP) for detecting gene
promoter hypermethylation
Many human cancers, including lung cancer, exhibit pro-
moter hypermethylation in several tumor suppressor
genes. CpG idlandsi.e., the clustering of CpG dinucle-
otidesin small regions of DNA, are found in promoter
regions of almost half of the genes in the genome, in-
cluding tumor-suppressor genes. Hypermethylation of
normally unmethylated cytosinesin CpG islandsin pro-
moter regions leads to the loss of transcription of the gene
which has been referred to as “gene silencing.”3? Pro-
moter hypermethylation of several tumor-suppressor
genes including p16ink4a, O6-methylguanine-DNA
methyltransferase, death-associated protein kinase, and
E-cadherin, among others, is common in lung cancer.®
Promoter hypermethylation can be detected using MSP,
which wasfirst introduced by Herman et al.* In thistech-
nique, sample DNA is initially treated with sodium
bisulfite to convert unmethylated, but not methylated,
cytosinesto uracil. PCR with primers specific for methy-
lated DNA can amplify methylated DNA separately from
unmethylated DNA, and conversely. This method can
detect one methylated copy in 1,000 unmethylated cop-
ies, which is asufficiently high sensitivity for the detec-
tion of small amounts of tumor-related genes in blood.
Esteller et al.* first employed this technique to detect
aberrant promoter hypermethylation in tumor suppressor
genes in serum DNA from non-small cell lung cancer
patients.

Clinical Implications
Detection of tumor-related genes in the blood is a prom-

ising new approach that has the advantages of easy ac-
cess, minimal invasiveness, and rapid analysis,**? though
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several problems do exist.

Early detection of lung cancer

Whether the detection of tumor-related genesin the blood
can be used to diagnose lung cancer at an early stage has
not been fully evaluated. By analyzing microsatellite al-
terations, 40% to 100% of patients with small cell carci-
noma were shown to have altered circulating DNA 5612
while 28% to 77% of patients with non-small cell carci-
noma showed such anomalies,®"24 Promoter
hypermethylation was reported to be present in the circu-
lating DNA in nearly 40% of patients who had lung can-
cer that displayed promoter hypermethylation.1%*4 p53
or K-ras mutations were detected in up to 73% of the
circulating DNA in lung cancer patients.*“*" The fre-
guency of these gene aterations was independent of lung
cancer stage suggesting that, even in early stage lung can-
cer, nearly 40% of patients demonstrate gene alterations
in their blood. Thus, detection of alterationsin circulat-
ing genes may be useful in diagnosing early stage lung
cancer, though its low sensitivity rules out its use alone
asascreening tool. However, it could be quite useful when
used in combination with several markers such as p53
mutations, FHIT LOH, and 3p LOH, as suggested by
Andriani et a.*)

Prediction of prognosis and use as follow-up marker
of lung cancer recurrence

Usadel et al. reported a poor prognosis in lung cancer
patients who had high levels of methylated APC genes as
detected using quantitative MSP® Gonzalez et al. simi-
larly reported a poor prognosisin small cell lung cancer
patients who had both a p53 mutation and M1 in their
plasma DNA.*® Finally, Ramirez et al. reported a poor
prognosisin cancer patients who had K-ras mutationsin
their serum DNA but no correlation between the patients’
methylated serum DNA and their prognosis.t*#9

While it seems reasonable to speculate that the prog-
nosisof patients who display tumor-related genesin their
blood that originated from the primary tumor would be
poor, no evidence currently exists to support this view.
The significance of “shed” genes on tumor development
also remains unclear. Certainly, these are areas that re-
quire further investigation.

Gene analysis of blood collected after curative therapy
for lung cancer should contribute to the evaluation of this
tool as a predictor of prognosis. Usadel et al. reported
that lung cancer recurrence could be detected by increased
levels of plasmaAPC methylation though their datawere
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preliminary.’® Sozzi et al. showed that high concentra-
tions of DNA in plasma were predictive of lung cancer
recurrence.®® Finally, Silvaet al. reported that the persis-
tence of tumor-related DNA in plasma after complete re-
section of the original breast tumor correlated with histo-
logical parameters that were associated with poor out-
come.?® These data suggest that quantifying the concen-
tration of tumor-related genes in the blood may be useful
as afollow-up tool for the care of lung cancer patients.
Large, prospective studies will need to be undertaken to
determine the clinical value of blood gene analysis after
curative therapy.

References

10.

216

. Leon SA, Shapiro B, Sklaroff DM, Yaros MJ. Free

DNA in the serum of cancer patients and the effect of
therapy. Cancer Res 1977; 37: 646-50.

. Shapiro B, Chakrabarty M, Cohn E, Leon SA. Deter-

mination of circulating DNA levelsin patientswith be-
nign or malignant gastrointestinal disease. Cancer
1983; 51: 2116-20.

. Stroun M, Anker P, Maurice P, Lyautey J, Lederrey C,

Beljanski M. Neoplastic characteristics of the DNA
found in the plasma of cancer patients. Oncology 1989;
46: 318-22.

. RaptisL, Menard HA. Quantitation and characteriza-

tion of plasma DNA in normals and patients with sys-
temic lupus erythematosus. J Clin Invest 1980; 66:
1391-9.

. Chen XQ, Stroun M, Magnenat JL, et a. Microsatellite

alterlations in plasma DNA of small cell lung cancer
patients. Nat Med 1996; 2: 1033-5.

. Bruhn N, Beinert T, Oehm C, et al. Detection of

microsatellite alterations in the DNA isolated from tu-
mor cells and from plasma DNA of patients with lung
cancer. Ann NY Acad Sci 2000; 906: 72-82.

. Sanchez-Cespedes M, Monzo M, Rosell R, et a. De-

tection of chromosome 3p aterationsin serum DNA
of non-small-cell lung cancer patients. Ann Oncol 1998;
9: 113-6.

. Sozzi G, Musso K, Ratcliffe C, Goldstraw P, Pierotti

MA, Pastorino U. Detection of microsatellite alterations
in plasma DNA of non-small cell lung cancer patients:
aprospect for early diagnosis. Clin Cancer Res 1999;
5: 2689-92.

. Allan JM, Hardie LJ, Briggs JA, et al. Genetic alter-

ations in bronchial mucosa and plasma DNA from in-
dividuasat high risk of lung cancer. Int J Cancer 2001,
91: 359-65.

Usadel H, Brabender J, Danenberg KD, et al. Quanti-
tative adenomatous polyposis coli promoter methyla-
tion analysisin tumor tissue, serum, and plasma DNA
of patientswith lung cancer. Cancer Res 2002; 62: 371—
5.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ramirez JL, Taron M, Balana C, et al. Serum DNA as
atool for cancer patient management. Rocz Akad Med
Bialymst 2003; 48: 34-41.

Beau-Faller M, Gaub MP, Schneider A, et al. Plasma
DNA microsatellite panel as sensitive and tumor-spe-
cific marker in lung cancer patients. Int J Cancer 2003;
105: 361-70.

Beau-Faller M, Weber JC, Schneider A, et al. Genetic
heterogeneity in lung and colorectal carcinoma as re-
vealed by microsatellite analysisin plasma or tumor
tissue DNA. Cancer 2003; 97: 2308-17.

Toyooka S, Maruyama R, Toyooka KO, et al. Smoke
exposure, histologic type and geography-related dif-
ferences in the methylation profiles of non-small cell
lung cancer. Int J Cancer 2003; 103: 153-60.

Stroun M, Maurice P, Vasioukhin 'V, et al. The origin
and mechanism of circulating DNA. Ann NY Acad Sci
2000; 906: 161-8.

KurusuY, Yamashita J, Ogawa M. Detection of circu-
lating tumor cells by reverse transcriptase-polymerase
chain reaction in patients with resectable non-small-
cell lung cancer. Surgery 1999; 126: 820-6.
Bessho A, Tabata M, KiuraK, et a. Detection of oc-
cult tumor cellsin peripheral blood from patients with
small cell lung cancer by reverse transcriptase-poly-
merase chain reaction. Anticancer Res 2000; 20: 1149—
54.

DelLucaA, Pignata S, Casamassimi A, et al. Detection
of circulating tumor cells in carcinoma patients by a
novel epidermal growth factor receptor reverse tran-
scription-PCR assay. Clin Cancer Res 2000; 6: 1439—
44,

Clarke LE, Leitzel K, Smith J, Ali SM, Lipton A. Epi-
dermal growth factor receptor mRNA in peripheral
blood of patients with pancreatic, lung, and colon car-
cinomas detected by RT-PCR. Int J Oncol 2003; 22:
425-30.

SilvaJM, Garcia JM, Dominguez G, et a. Persistence
of tumor DNA in plasma of breast cancer patients af -
ter mastectomy. Ann Surg Oncol 2002; 9: 71-6.
Suzuki Y, Orita M, Shiraishi M, Hayashi K, SekiyaT.
Detection of ras gene mutations in human lung can-
cers by single-strand conformation polymorphism
analysis of polymerase chain reaction products.
Oncogene 1990; 5: 1037-43.

Kahn SM, Jiang W, CulbertsonTA, et al. Rapid and
sensitive nonradioactive detection of mutant K-ras
genes via ‘enriched’ PCR amplification. Oncogene
1991; 6: 1079-83.

Takeda S, Ichii S, Nakamura. Detection of K-ras
mutation in sputum by mutant-allele-specific amplifi-
cation (MASA). Hum Mutat 1993; 2: 112—7.

Lawes DA, SenGupta S, Boulos PB. The clinical im-
portance and prognostic implications of microsatellite
instability in sporadic cancer. Eur J Surg Oncol 2003;
29: 201-12.

Shridhar V, Siegfried J, Hunt J, del Mar Alonso M,
Smith DI. Genetic instability of microsatellite se-

Ann Thorac Cardiovasc Surg Vol. 10, No. 4 (2004)



26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

guencesin many non-small cell lung carcinomas. Can-
cer Res 1994, 54: 2084—7.

Merlo A, Mabry M, Gabrielson E, Vollmer R, Baylin
SB, Sidransky D. Frequent microsatellite instability in
primary small cell lung cancer. Cancer Res 1994; 54:
2098-101.

Neuwville EM, Stewart MP, Swift A, et al. Allelotype of
non-small cell lung cancer. Int J Oncol 1996; 9: 533—
9.

Pylkkanen L, Karjalaninen A, Anttila S, Vainio H,
Husgafvel-Pursiainen K. No evidence of microsatellite
instability but frequent loss of heterozygosity in pri-
mary resected lung cancer. Environ Mol Mutagen 1997;
30: 217-23.

Endo C, Sagawva M, Sato M, et a. Sequential 10oss of
heterozygosity in the progression of squamous cell car-
cinomaof the lung. Br J Cancer 1998; 78: 612-5.
Virmani AK, Fong KM, Kodagoda D, et al.
Allelotyping demonstrates common and distinct pat-
terns of chromosomal lossin human lung cancer types.
Genes Chromosomes Cancer 1998; 21: 308-19.
Kohno H, Hiroshima K, Toyozaki T, Fujisawa T,
Ohwada H. p53 mutations and allelic loss of chromo-
some 3p, 9p of preneoplastic lesions in patients with
non-small cell lung carcinoma. Cancer 1999; 85: 341—
7.

Mao L, Lee DJ, Tockman MS, Erozan YS, Askin F,
Sidransky D. Microsatellite alterations as clonal mark-
ers for the detection of human cancer. Proc Natl Acad
Sci U SA1994; 91: 9871-5.

TomizawaY, Adachi J, Kohno T, et a. Prognostic sig-
nificance of alelic imbalances on chromosome 9p in
stage | non-small cell lung carcinoma. Clin Cancer Res
1999; 5: 1139-46.

. Michelland S, Gazzeri S, Brambilla E, Robert-Nicoud

M. Comparison of chromosomal imbalances in neu-
roendocrine and non-small-cell lung carcinomas. Can-
cer Genet Cytogenet 1999; 114: 22-30.

Zhou X, Kemp BL, Khuri FR, et al. Prognostic impli-
cation of microsatellite alteration profilesin early-stage
non-small cell lung cancer. Clin Cancer Res 2000; 6:
559-65.

Sasatomi E, Finkelstein SD, Woods JD, et al. Com-
parison of accumulated allele loss between primary tu-
mor and lymph node metastasis in stage || hon-small
cell lung carcinoma: implications for the timing of
lymph node metastasis and prognostic value. Cancer
Res 2002; 62: 2681-9.

Herman JG, Baylin SB. Gene silencing in cancer in

Ann Thorac Cardiovasc Surg Vol. 10, No. 4 (2004)

38.

39.

40.

41.

42,

45,

46.

47,

49,

Lung Cancer-related Genesin the Blood

association with promoter hypermethylation. N Engl J
Med 2003; 349: 2042-54.

Tsou JA, Hagen JA, Carpenter CL, Laird-OffringalA.
DNA methylation analysis: a powerful new tool for
lung cancer diagnosis. Oncogene 2002; 21: 5450-61.
Herman JG, Graff JR, Myohanen S, Nelkin BD, Baylin
SB. Methylation-specific PCR: anovel PCR assay for
methylation status of CpG islands. Proc Natl Acad i
U SA 1996; 93: 9821-6.

Esteller M, Sanchez-Cespedes M, Rosdll R, Sidransky
D, Baylin SB, Herman JG. Detection of aberrant pro-
moter hypermethylation of tumor suppressor genesin
serum DNA from non-small cell lung cancer patients.
Cancer Res 1999; 59: 67-70.

Mao L. Recent advancesin the molecular diagnosis of
lung cancer. Oncogene 2002; 21: 6960-9.

Hu Y C, Sidransky D, Ahrendt SA. Molecular detec-
tion approaches for smoking associated tumors.
Oncogene 2002; 21: 7289-97.

. Sozzi G, Conte D, Mariani L, et a. Analysis of circu-

lating tumor DNA in plasma at diagnosis and during
follow-up of lung cancer patients. Cancer Res 2001;
61: 4675-8.

. Bearzatto A, Conte D, Frattini M, et al. p16 (INK4A)

hypermethylation detected by fluorescent methylation-
specific PCR in plasmas from non-small cell lung can-
cer. Clin Cancer Res 2002; 8: 3782—7.

SilvaM, Gonzalez R, Dominguez G, et a. TP53 gene
mutations in plasma DNA of cancer patients. Genes
Chnomosomes Cancer 1999; 24: 160-1.

Kovalchuk O, Naumnik W, SerwickaA, Chyczewska
E, Niklinski J, Chyczewski L. K-ras codon 12 muta-
tions may be detected in serum of patients suffering
from adeno- and large cell lung carcinoma. A prelimi-
nary report. Folia Histochem Cytobiol 2001; 39 (Suppl
2): 70-2.

Andriani F, Conte D, Mastrangelo T, et al. Detecting
lung cancer in plasmawith the use of multiple genetic
markers. Int J Cancer 2004; 108: 91-6.

. Gonzdez R, SilvaJM, Sanchez A, et a. Microsatellite

alterations and TP53 mutations in plasma DNA of
small-cell lung cancer patients: follow-up study and
prognostic significance. Ann Oncol 2000; 11: 1097—
104.

Ramirez JL, Sarries C, de Castro PL, et a. Methyla-
tion patterns and K-ras mutations in tumor and paired
serum of resected non-small-cell lung cancer patients.
Cancer Lett 2003; 193: 207-16.

217



