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Microdissection and the Study of Cancer Pathways
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Abstract: The study of genetic alterations in tumors and their precursor lesions is often hampered by
the presence of a heterogeneous background of non-neoplastic elements such as stromal cells,
inflammatory cells, and angiogenic elements. Microdissection involves the extraction of specific
populations of cells under direct visualization. In this article, we will discuss the currently available
techniques of microdissection, and briefly review how this material is being utilized in the study of
cancer pathways. Microdissected tissue is amenable for the study of cancer genomics, expression
analysis and most recently, cancer proteomics.  The  purity  of  reagents obtained from
microdissected material has resulted in the successful identification of tumor suppressor genes as
well as novel transcripts and proteins that are altered in neoplastic cells. Improved techniques of
tissue fixation and microdissection, supplemented with ancillary technology such as pre-amplification,
have permitted the use of increasingly smaller quantities of material for the study of cancer
pathways. Importantly, it is now possible to analyze many of the genetic changes that precede
cancer, thereby identifying populations “at risk” for developing malignancies in the future.

INTRODUCTION heterogeneous background, usually obtained under
direct visual inspection. Although the present
discussion will primarily focus on one aspect of
microdissection, i.e. laser-based instruments, a
variety of other techniques have been used by
cancer researchers to extract pure cell populations
from heterogeneous tissues (Table 1). The current
prototypes of laser-based instruments include the
laser microbeam microdissection coupled with laser
pressure catapulting (LMM/LPC) and laser capture
microdissection [LCM), both of which allow
extraction of small numbers of cells, including
single cells from archival tissue in a non-contact
based manner. LMM/LPC uses tissue that has been
mounted on a 6 µm membrane and placed on a
glass slide, onto which the operator directs an
ultraviolet laser beam under direct visualization [12,
74, 75]. The laser beams burns a rim of membrane
and ablates the underlying unwanted tissue around
the area of interest, leaving the desired cell
population intact. The latter is then isolated by
catapulting under pressure onto an overhanging
cap, followed by isolation of reagents (DNA, RNA
and protein) in an Eppendorf tube. The use of an
ultraviolet laser rather than infrared laser (vide infra)
means that the membrane mounted tissue is cut
away by the high photon density (“cold” laser) and
the heat generated during microdissection is
minimal, which at least theoretically reduces the
risk of damaging the extracted reagents [74].

Most cancers evolve by a multistage pathway
wherein there is progressive accumulation of
genetic changes in existing normal cells prior to
malignant transformation. An astounding array of
genetic "hits" involving silencing of tumor
suppressor genes and activation of tumor promoting
oncogenes can be seen in a given cancer
phenotype. Although cancers in general can be
considered to be clonal populations, the same is
not true for the non-neoplastic elements native to
the tissue in which they arise. Histopathologic
examination of most tumors reveal an intimate
intermix of neoplastic and non-neoplastic cells, the
latter partly incited by the cancer [63]. One of the
greatest challenges in the study of human tumors
has been the isolation of pure populations of
neoplastic cell types from a heterogeneous
background of normal epithelium, desmoplastic
stroma, inflammatory cells and blood vessels. In the
absence of prior cell enrichment, the accurate
analysis of molecular changes associated with
tumors and their precursor lesions requires is
confounded by genetic material not derived from
the cancer cells alone [105].

LASER-BASED MICRODISSECTION: A
REVOLUTION IN CELL ENRICHMENT

Microdissection is a technique that involves
isolation of specific subpopulations of cells from a LCM, which has become the prototype laser-

based technique in the United States, was devised
at the National Institutes of Health (NIH) in 1996
[13]. A second generation commercial version of
this instrument is now available
(http://www.arctur.com). The LCM technique uses
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Table 1. Microdissection techniques.

Technique Principle

Selective Ultraviolet Radiation

Fractionation (SURF) [78]

UV radiation-induced damage of “unwanted” DNA; ink-dots protect desired cells

Selective laser ablation [8] UV laser-induced damage of “unwanted” DNA

Manual microdissection

 [38, 39, 65, 104]

Extraction of desired cells using blades, needles or with the use of a mechanical
micromanipulators and modified Pasteur pipettes or tungsten wire needles

Laser-based microdissection

  Laser capture microdissection

 (LCM) [13]

  Laser microbeam

 microdissection/

 laser pressure catapulting (LMM/LPC) [74, 75]

Laser pulses to “capture” cells of interest

Infrared laser beam

UV laser beam

100µm thick ethylene vinyl acetate (EVA) film
impregnated with a dye that absorbs light in the
near-infrared spectrum, and is attached to a rigid
6mm laser cap [82]. The cap is lowered in exact
apposition to the area of interest on the tissue
section, and a pulse of near-infrared laser beam is
directed from above. The cap absorbs the energy
from the laser, momentarily heats to 90

0
C, and

melts and adheres to the underlying tissue. Varying
the spot size of the laser within a narrow range
(7.5µm to 30 µm) ensures the specificity of
dissection. The laser cap can be moved around on
the tissue by means of a joystick and can be used to
select multiple areas on the same cap. Up to 3000-
5000 cells can be isolated from a single slide in this
fashion [83]. Since the laser cap absorbs most of
the energy from the pulse, there is minimal transfer
of energy to the tissue, decreasing the possibility of
heat-induced damage to extracted reagents. The

slides used are without cover slips, which makes
visualization fuzzy. Hence the newer versions of the
LCM have a built-in optical system that allows the
operator to confirm the histology of the area to be
microdissected without transferring the slide. Once
the cells of interest have been captured using LCM,
the cap containing the dissected cells are placed
in an 0.5 ml Eppendorf tube containing lysis buffer,
that forms an air tight junction with the laser cap.
The long chain polymers that compose the EVA
film and thus surround and tightly hold the cells, are
designed in such a way that they dissolve under the
effects of the lysis buffer such that the cells are
released into the solution. The protocols used for
molecular analysis from LCM-captured tissue are
fairly standardized and are available for use by the
public-at-large on the NIH web site
(http://dir.nihcd.nih.gov/lcm/lcm.htm).

Table 2b. Putative tumor suppressor gene loci
identified by loss of heterozygosity analysis.

Table 2a. Selected tumor suppressor genes identified
by loss of heterozygosity analysis.

Gene Locus Cancer [Ref.]

APC 5q21 Colon [48]

BRCA1 17q21 Breast, Ovary [28, 87]

BRCA2 13q12 Breast, Ovary [102]

DCC 18q21 Colon [33]

DPC4/smad4 18q21 Pancreas [40]

FHIT 3p14.2 Lung, Breast, Cervix, Head
and neck [68]

Multiple endocrine
neoplasia 1(MEN) 1

11q13 Endocrine tumors [30]

PTEN/MMAC 10q23 Brain, Prostate, Breast [58]

RASF1 3p21.3 Lung, Breast [23]

vonHippel Lindau (VHL) 3p25 Kidney [54]

Locus Cancer [Ref.]

1p36 Brain [85]
Prostate [11]

Neuroblastoma [67]

Multiple 3p sites
(3p12, 3p14.2, 3p21.3, 3p22-24.3,3p25)

Lung [45, 98]
Breast [2, 64, 76]

4q32-33
4q25-26

Mesothelioma [81]
Breast [80]
Colon [79]

6q Prostate [88]
Breast [37]

8p12-23 Lung [99]
Breast [103]
Prostate [22]

19q13.3 Brain [86]

22q13 Breast [17]
Colon [18]
Ovary [15]
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GENOMIC ANALYSIS OF MICRODISSECTED
CANCERS

population of interest will be amplified by the PCR
reaction. LOH analysis has been invaluable for
mapping of tumor suppressor genes (TSGs),
localization of putative chromosomal “hot spots”
and the study of sequential genetic changes in
preneoplastic lesions (Tables 2 and 3). The use of
microdissected material has unraveled that the true
incidence of allelic losses involving numerous
TSGs is actually significantly higher than what has
been previously assumed [37, 52]. Not surprisingly,
the study of preneoplastic lesions has shown that
many of the genetic alterations found in cancers
actually begin in histologically “benign” tissue
(Table 3).

 The study of normal and neoplastic genomes
has been the most widely used application of
microdissected material in the study of cancer
pathways. Genetic changes in the multistep
progression of cancer can involve amplification or
gain of function mutations in dominant oncogenes,
or they may involve loss of function by deletion,
mutation or methylation in recessive tumor
suppressor genes. In Knudson’s classical two hit
hypothesis of tumor suppressor gene function, one
parental allele is lost by deletion, while the second
is inactivated by mutation [49]. Thus if tumors are
analyzed with respect to the integrity of their
parental alleles at a given polymorphic locus, both
alleles would be present in the constitutional DNA
while one allele would be lost in the tumor (a
phenomenon called “loss of heterozygosity or LOH)
[63]. Microdissection has made a remarkable
difference in the application of LOH analysis to the
study of cancer pathways [63]. The logistics of LOH
analysis are such that virtually pure populations of
tumor cells or preneoplastic foci are required, since
contamination by even a few unwanted cells will
mean the second allele deleted in the cell

Besides LOH analysis, other studies that can be
performed on microdissected DNA include analysis
of X-chromosome inactivation to assess clonality
[106], single strand conformation polymorphism
(SSCP) analysis for mutations in critical genes [61,
62, 72, 89], comparative genomic hybridization
(CGH) [4, 5, 53] and the analysis of promoter
hypermethylation [9, 41, 92]. All of these methods
are applicable to formalin-fixed archival tissues,
with no more than 50-100 sectioned cells required
per PCR reaction and even fewer cells if material
from cryostat sections or methanol-fixed specimens

Table 3. Genetic changes in microdissected preneoplastic Lesions – selected references.

Organ Gene / Allelic Locus Reference

Colon

Early adenoma

Late adenoma

5q21-22 (APC)

Ki-ras

18q21 (DCC)

17p13 (p53)

 [34, 35, 93]

Lung

Hyperplasia / metaplasia

Dysplasia

3p LOH

9p21 (p16)

8p21-23

17p13 (p53)

 [97, 98, 99, 100]

Prostate

Prostatic intraepithelial neoplasia 8p12-22

16q22

[32, 73]

Cervix

Cervical intraepithelial neoplasia I-III 3p LOH

(3p14.2, 3p12, 3p25)

Human papilloma virus integration

[19, 101]

 [43]

Esophagus

Barrett’s esophagus 17p13 (p53)

9p21 (p16)

5q21-22 (APC)

 [7, 96,106]
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Figure 1. Manual microdissection of a patch of approximately 200 cells from non-neoplastic bronchial epithelium using a Narishige( micromanipulator.
Left panel: Hematoxylin-eosin stained tissue section of bronchial epithelium, obtained by fluoroscopic-guided biopsy.  Right panel: following
microdissection of overlying bronchial epithelium, the underlying basement membrane and stroma remain intact.

is used [63]. CGH, which until recently was limited
by large quantities of fresh/frozen DNA, has been
successfully performed using 20-100 microdissected
cells [4, 5, 53]. Similarly, quantitative analysis of
her-2/neu and toposiomerase II α gene
amplification using 5'-exonuclease-based-real time
PCR has been performed on 50-100 cells in LCM-
microdissected archival breast carcinomas [57].
Other novel approaches to the study of cancer
genomes using laser-assisted microdissection
include determination of DNA ploidy, flow
cytometric analysis of surface antigen expression
and fluorescence in situ hydridization ("LCM-FISH")
[25]. The combination of microdissection with
newer technologies such as primer extension
preamplification and whole genome amplification
[24, 95, 107] has made genomic analyses possible
on smaller and smaller quantities of cells, thereby
permitting the study of even microscopic
preneoplastic lesions.

short period of time [16]. SAGE has been used to
study gene expression differences between normal
and neoplastic pancreatic cells [91], and between
human bronchial epithelial cell cultures and non-
small cell lung carcinoma [42]. Similarly
differential display analysis has been used to
identify genes that are differentially expressed in
prostate cancers [94] or are involved in the
progression of breast carcinomas [59]. Microarrays
(popularly known as “gene chips”) have generated
the most excitement of all current expression
technologies [14, 26]. Gene expression monitoring
using microarrays was first described using
radioactive targets hybridized onto filter-
immobilized cDNA clones. Subsequently, DNA
printed on glass and hybridized with fluorescence-
labeled cDNA have been developed that allow
simultaneous analysis of independent biological
samples by using different fluorochromes [47]. The
biggest impediment with application of gene
expression technologies has been the ability to
collect material in a fashion that preserves RNA.
Most expression analysis technologies require a
substantial input of mRNA that is hard to obtain
from microdissected tissue [16]. Nevertheless, the
analysis of gene expression in tumors and their
preneoplastic lesions is equally prone to be
confounded by the presence of contaminating
inflammatory and stromal cells as is DNA analysis.
Therefore, there has been an increasing need to
apply available enrichment techniques to
expression studies as well. Microdissection
combined with RT-PCR to study the expression of
one or two analytes comprised some of the early
works in this field (Table 5). The results from these
studies were important because they demonstrated
that a) expression analysis is feasible in

EXPRESSION ANALYSIS OF
MICRODISSECTED CANCERS

Differential gene expression is a useful
parameter to determine how tumors differ from the
normal tissues they are derived from. Gene
expression can be studied by a variety of available
methods such as expressed sequence tag (EST)
sequencing [1], differential display [60], subtractive
hybridization [44], serial analysis of gene expression
(SAGE) [91] and microarray hybridization [50] (See
Table 4). Of these techniques, differential displays,
SAGE and microarrays have the particular benefit
of being high throughput assays, meaning that a
large number of samples can be analyzed over a
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Table 4. Analysis of gene expression : current methods.

Technique Basic Principle Comments Minimum
RNA [16]

Expressed sequence tag
(EST) sequencing [1]

Creates cDNA libraries from tissues of interest,
followed by random selection of clones and

sequencing.

“Normalized” cDNA libraries – each transcript
expressed more or less equal numbers, reduces
redundant sequencing of highly expressed genes

Discovery of novel genes from selected
cells or tissues is possible.

Quantitation of differences in levels of
expression between tissue types is

difficult.

Low throughput.

1.0-5.0 µg
polyA RNA

Differential display [60] RT-PCR and sequencing of mRNA from two
populations of cells using pairs of oligonucleotide

primers, one of which is bound to polyA-tail and other
to arbitrary oligonucleotide sequences at varying

distances.

Not all differences are discovered using a
single arbitrary primer.

Quantitation of differences in levels of
expression between tissue types is

difficult.

High throughput.

10-100 ng

polyA RNA

Subtractive cloning [44] Double stranded cDNA created from two cell
populations of interest, one designated “tester” (from

which unique clones are desired) and the other
“driver” (used for subtraction). Driver-driver and

driver-tester hybrids removed by affinity separation
or digestion with exonucleases.

Limited sensitivity, subtle quantitative
differences between two populations may

be missed.

Restricted to a pair of samples in a given
analysis.

Low throughput.

10-100 ng

polyA RNA

Serial analysis of gene
expression (SAGE) [91]

Unique ten to eleven base pair long sequence “tags”
produced from each transcript, with concentration of
tags being proportional to level of mRNA in original

sample.

Eliminates sequence to sequence
variation in translation rate inherent in

PCR.

Specialized bioinformatics required for
analysis of SAGE data.

High throughput.

1.0-5.0 µg
polyA RNA

Microarray hybridization [50] Radioactive or fluorescent-labeled normal and tumor
mRNA samples hybridized to cDNA clones or

oligonucleotides spotted on a test surface(eg. silicon)

High throughput. 1.0 µg or
more polyA

RNA

microdissected tissue, down to the single cell level,
and b) frozen and alcohol fixed tissues are probably
the best substrates to perform these studies. The
application of more sophisticated technologies
such as cDNA microarray analysis of microdissected
tumor tissue is still in its infancy, but represents one
of the most exciting frontiers in cancer research.
Already, cDNA libraries have been constructed and
analyzed from microdissected prostate, head and
neck, and breast carcinomas, and similar work is
underway with other common tumors [51, 71]. The
Cancer Genome Anatomy Project (CGAP) at the
National Cancer Institute
(http://www.ncbi.nlm.nih.gov/ncicgap) has been
initiated with the objective of identifying genetic
differences between normal, preneoplastic and
cancer tissues by comparing and contrasting
expression profiles from microdissected regions in
the same patient. The availability of such cDNA
libraries will permit identification of novel genes
that are either over-or under expressed in the
multistage pathogenesis of cancer, leading to the
construction of focussed cancer-specific and organ-

specific microarrays for genetic “profiling” of
individual patient samples in the future.

PROTEOMIC ANALYSIS OF
MICRODISSECTED CANCERS

Proteomic analysis of biological specimens aims
at determining the overall set of proteins that are
important in normal cellular physiology or altered
by a disease process such as cancer [27]. The
analysis of the entire protein complement within a
cell or a tissue type (the “proteome”) can be
performed by a variety of techniques such as
Western blotting, mass spectrometry, and peptide
sequencing. High-resolution two-dimensional
polyacrylamide gel electrophoresis (2-D PAGE) is a
useful technique to analyze populations of proteins
in different cell types [66]. In 2-D PAGE, individual
proteins from cell extracts are first separated by
charge and then by size, using sodium dodecyl
sulfate-PAGE. Protein analysis is a powerful
complementary approach to DNA and RNA-based
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Table 5. Expression analysis from microdissected normal and tumor tissues.

Author (Ref) Transcript and tissue analyzed

Jin et al [46] Prolactin expression in anterior pituitary cells (single cells)

Maitra et al [63] CK-19 expression in prostate carcinoma (50 cells) Podoplanin expression in kidney (6 glomeruli)

Chuaqui et al [21] Novel transcripts in prostate carcinoma (5000 –10,000 cells)

Chuaqui et al [20] Complete transcript amplification from cervical cytologic (“Pap” ) smears (2000 cells)

To et al [90] BRCA1, p21
waf1

 expression in breast carcinoma (200 cells)

Fend et al [36] Lineage-specific transcripts (CD4, CD19) from immunostained lymphocytes (500 cells) [“Immuno-LCM”]

Ansari-Lari et al [3] Estrogen receptor expression in breast cancer

Bernsen et al [10] Tyrosinase and MART-1 expression in malignant melanoma metastasis (1-10 cells)

Krizman et al [51] cDNA microarray analysis of prostatic intraeoithelial neoplasia (5000 - 10,000 cells)

Sgroi et al  [77] cDNA microarray analysis of normal, invasive and metastatic breast cell populations

Leethanakul et al [55, 56] cDNA microarray analysis of normal and neoplastic squamous cell carcinomas of head and neck (5000 cells)

investigations in the pathogenesis of cancer.
Protein is more stable than RNA, and has the
distinct advantage of reflecting both post-
transcriptional control as well as post-translational
modifications. The identification of proteins that
are dysregulated in cancer could be an important

step in formulating treatment and intervention
strategies. However, an important factor limiting the
application of proteomics to the study of human
cancers has been the difficulty in obtaining pure
populations of cells to study. All of the current
techniques require tissue homogenization and

Figure 2. Laser capture microdissection of non-neoplastic bronchial epithelium using the PixCell II LCM instrument. The diameter of the laser beam is
approximately 30µm, and only epithelial cells of interest are retrieved.
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Figure 3.  Use of tissue microdissection in the study of multistage pathogenesis of lung cancer.  Top panel: Histologic sections of normal, hyperplastic,
metaplastic, dysplastic and neoplastic foci from a resected squamous cell carcinoma; center panel corresponding methanol-fixed epithelial cell clusters
prepared by the epithelial cell aggregate separation and isolation (EASI) technique (Maitra et al, Nature Med, 5:459; 1999).  Bottom panel: The
polymorphic microsatellite marker used for loss of heterozygosity (LOH) analysis is the pentanucleotide repeat marker of p53.  Both parental alleles are
retained in normal and hyperplastic epithelium, while metaplastic, dysplastic and tumor samples demonstrate partial or complete loss of lower allele
(arrows).  (Reprinted with permission from Nature Medicine, USA)

hence do not account for the cell of origin
contributing the measured protein content. This is a
major drawback, since normal and neoplastic
epithelium may share >98% identity in protein
profiles, and aberrantly expressed proteins so few as
to be masked by the normal population of cells [69].
In vitro propagated cell lines are poor models of
studying protein deregulation in cancer, since they
vary widely in expression profiles from in vivo tumor
specimens [70]. The availability of LCM has greatly
facilitated the study of protein alterations in pure
populations of tumor cells and their preneoplastic
lesions. Reassuringly, preliminary studies have
shown little change in electrophoretic mobility
patterns of proteins following LCM, with retention of
identical mass spectrometric sequencing profiles as
well as stable functional characteristics such as
binding to carrier molecules [6]. 2-D PAGE analyses
using approximately 50,000 cells are sufficient to
resolve more than 600 proteins or their isoforms and
identify dysregulated products in cancer cells [29].
Novel tumor specific alterations can be identified
by sequencing of the altered peptide products
unique to the tumor population. For example, six
differentially expressed proteins, including prostate
specific antigen, were detected by proteomic
analysis of microdissected prostate cancers and
benign prostatic epithelium [70]. Similarly,
increased levels of gelatinase and cathepsin B,
both putatively implicated in cancer invasion and
metastasis, have been detected in microdissected
colon cancer specimens [31]. A rapid, sensitive and
quantitative chemiluminescent assay has been

developed to measure prostate specific antigen
(PSA) levels, applicable to microdissected tissue
[84]. Hopefully, this quantitative technique can be
commercialized and extended to detect a variety of
aberrantly expressed proteins in tumor cells. The
era of proteomics represents an exciting frontier in
cancer research, and microdissection techniques
have greatly facilitated the refinement of this
approach.

Over the last few years, microdissection
instruments have ceased to be within the purview of
a few specialized laboratories, and become more
widely available to cancer researchers. As we
continue to unravel the genetic pathways
implicated in carcinogenesis, there will be an
increasing demand to detect these changes at the
earliest stages for screening and chemoprevention
purposes. The judicious combination of operator-
friendly microdissection techniques, improved
nucleic acid amplification technologies and high
throughput assays will make it possible to
successfully determine the molecular profiles in
progressively smaller numbers of cells over shorter
periods of time.

REFERENCES

[1] Adams, M.D., Kelley, J.M., Gocayne, J.D.,
Dubnick, M., Polymeropoulos; M.H., Xiao, H., et al.
(1991) Science , 252 (5013), 1651-6.



160    Current Molecular Medicine,  2001, Vol. 1, No. 1 Maitra et al.

[2] Ahmadian, M., Wistuba, I.I., Fong, K.M., Behrens,
C., Kodagoda, D.R., Saboorian, M.H., et al. (1997)
Cancer Res. , 57 (17), 3664-8.

[21] Chuaqui, R.F., Englert, C.R., Strup, S.E., Vocke,
C.D., Zhuang, Z., Duray, P.H., et al. (1997)
Urology, 50 (2), 302-7.

[3] Ansari-Lari, M., A., Jones, S.J., Timms, K.M. and
Gibbs, R.A. (1996) Biotechniques, 21, 38-44.

[22] Cunningham, J.M., Shan, A., Wick, M.J.,
McDonnell, S.K., Schaid, D.J., Tester, D.J., et al.
(1996) Cancer Res. , 56 (19), 4475-82.

[4] Aubele, M., Mattis, A;; Zitzelsberger, H., Walch, A.,
Kremer, M., Hutzler, P., et al. (1999) Cancer Genet.
Cytogenet., 110 (2), 94-102.

[23] Dammann, R., Li, C., Yoon, J.H., Chin, P.L.,
Bates, S. and Pfeifer, G.P. (2000) Nat. Genet. , 25
(3), 315-9.

[5] Aubele, M., Zitzelsberger, H., Schenck, U., Walch,
A., Hofler, H. and Werner, M. (1998) Cancer, 84 (6),
375-9.

[24] Dietmaier, W., Hartmann, A., Wallinger, S.,
Heinmoller, E., Kerner, T., Endl, E., et al. (1999)
Am. J. Pathol., 154 (1), 83-95.

[6] Banks, R.E., Dunn, M.J., Forbes, M.A., Stanley, A.,
Pappin, D., Naven, T., et al. (1999) Electrophoresis,
20 (4-5), 689-700.

[25] DiFrancesco, L.M., Murthy, S.K., Luider, J. and
Demetrick, D.J. (2000) Mod. Pathol., 13 (6), 705-11.

[7] Barrett, M.T., Sanchez, C.A., Prevo, L.J., Wong,
D.J., Galipeau, P.C., Paulson, T.G., et al. (1999)
Nat. Genet., 22 (1), 106-9.

[26] Duggan, D.J., Bittner, M., Chen, Y., Meltzer, P. and
Trent, J.M. (1999) Nat. Genet., 21 (1 Suppl), 10-4.

[27] Dutt, M.J. and Lee, K.H. (2000) Curr. Opin.
Biotechnol., 11 (2), 176-9.[8] Becker, I., Becker, K.F., Rohrl, M.H., Minkus, G.,

Schutze, K. and Hofler, H. (1996) Lab. Invest., 75
(6), 801-7. [28] Easton, D.F., Ford, D. and Bishop, D.T. (1995) Am.

J. Hum. Genet., 56 (1), 265-71.
[9] Belinsky, S.A., Nikula, K.J., Palmisano, W.A.,

Michels, R., Saccomanno, G., Gabrielson, E., et al.
(1998) Proc. Natl. Acad. Sci. USA, 95 (20), 11891-6.

[29] Emmert-Buck, M.R., Gillespie, J.W., Paweletz,
C.P., Ornstein, D.K., Basrur, V., Appella, E., et al.
(2000) Mol. Carcinog. , 27 (3), 158-165.

[10] Bernsen, M.R., Dijkman, H.B., de Vries, E., Figdor,
C.G., Ruiter, D.J., Adema, G.J., et al. (1998) Lab.
Invest., 78 (10), 1267-73.

[30] Emmert-Buck, M.R., Lubensky, I.A., Dong, Q.,
Manickam, P., Guru, S.C., Kester, M.B., et al.
(1997) Cancer Res. , 57 (10), 1855-8.

[11] Berry, R., Schaid, D.J., Smith, J.R., French, A.J.,
Schroeder, J., McDonnell, S.K., et al. (2000) Am. J.
Hum. Genet. , 66 (2), 539-46.

[31] Emmert-Buck, M.R., Roth, M.J., Zhuang, Z.,
Campo, E., Rozhin, J., Sloane, B.F., et al. (1994)
Am. J. Pathol., 145 (6), 1285-90.

[12] Bohm, M., Wieland, I., Schutze, K. and Rubben, H.
(1997) Am. J. Pathol., 151 (1), 63-7. [32] Emmert-Buck, M.R., Vocke, C.D., Pozzatti, R.O.,

Duray, P.H., Jennings, S.B., Florence, C.D., et al.
(1995) Cancer Res. , 55 (14), 2959-62.[13] Bonner, R.F., Emmert-Buck, M., Cole, K., Pohida,

T., Chuaqui, R., Goldstein, S., et al. (1997)
Science , 278 (5342), 1481,1483. [33] Fearon, E.R., Cho, K.R., Nigro, J.M., Kern, S.E.

and Simons, J.W. (1990) Science , 247 (4938), 49-
56.[14] Brown, P.O. and Botstein, D. (1999) Nat. Genet. , 21

(1 Suppl), 33-7.
[34] Fearon, E.R., Hamilton, S.R.and Vogelstein, B.

(1987) Science , 238 (4824), 193-7.[15] Bryan, E.J., Thomas, N.A., Palmer, K., Dawson, E.,
Englefield, P., Campbell, I.G. (2000) Int. J. Cancer,
87 (6), 798-802. [35] Fearon, E.R. and Vogelstein, B. (1990) Cell, 61 (5),

759-67.
[16] Carulli, J.P., Artinger, M., Swain, P.M., Root, C.D.,

Chee, L., Tulig, C., et al. (1998) J. Cell Biochem.
Suppl., 30-31, 286-96.

[36] Fend, F., Emmert-Buck, M.R., Chuaqui, R., Cole,
K., Lee, J., Liotta, L.A., et al. (1999) Am. J. Pathol. ,
154 (1), 61-6.

[17] Castells, A., Gusella, J.F., Ramesh, V. and Rustgi,
AK. (2000) Cancer Res. , 60 (11), 2836-9. [37] Fujii, H., Zhou, W. and Gabrielson, E. (1996) Genes

Chromosomes Cancer, 16 (1), 35-9.
[18] Castells, A., Ino, Y., Louis, D.N., Ramesh, V.,

Gusella, J.F. and Rustgi, A.K. (1999)
Gastroenterology, 117 (4), 831-7.

[38] Goelz, S.E., Hamilton, S.R. and Vogelstein, B.
(1985) Biochem. Biophys. Res. Commun., 130 (1),
118-26.

[19] Chu, T.Y., Shen, C.Y., Chiou, Y.S., Lu, J.J.,
Perng, C.L., Yu, M.S., et al. (1998) Int. J. Cancer,
75 (2), 199-204.

[39] Going, J.J. and Lamb, R.F. (1996) J. Pathol. , 179
(1), 121-4.

[40] Hahn, S.A., Schutte, M., Hoque, A.T., Moskaluk,
C.A., da Costa, L.T., Rozenblum, E., et al. (1996).
Science , 271 (5247), 350-3.

[20] Chuaqui, R., Cole, K., Cuello, M., Silva, M.,
Quintana, M.E. and Emmert-Buck, M.R. (1999) Acta
Cytol. , 43 (5), 831-6.



Microdissection Current Molecular Medicine,  2001, Vol. 1, No. 1     161

[41] Herman, J.G. (1999) Semin. Cancer Biol., 9 (5),
359-67.

[60] Liang, P., Bauer, D., Averboukh, L., Warthoe, P.,
Rohrwild, M., Muller, H., et al. (1995) Methods
Enzymol. , 254, 304-21.

[42] Hibi, K., Liu, Q., Beaudry, G.A., Madden, S.L.,
Westra, W.H., Wehage, S.L., et al. (1998) Cancer
Res., 58 (24), 5690-4.

[61] Maitra, A., Tavassoli, F.A., Albores-Saavedra, J.,
Behrens, C., Wistuba, I.I., Bryant, D., et al. (1999)
Hum. Pathol. , 30 (12), 1435-40.

[43] Howley, P.M. (1991) Cancer Res., 51 (18 Suppl),
5019s-5022s. [62] Maitra, A., Wistuba, I.I., Gibbons, D., Gazdar, A.F.

and Albores-Saavedra, J. (1999) Gynecol. Oncol. ,
74 (3), 361-368.[44] Hubank, M. and Schatz, D.G. (1994) Nucleic Acids

Res., 22 (25), 5640-8.
[63] Maitra, A., Wistuba, I.I., Virmani, A.K., Sakaguchi,

M., Park, I., Stucky, A., et al. (1999) Nat. Med., 5
(4), 459-63.

[45] Hung, J., Kishimoto, Y., Sugio, K., Virmani, A.,
McIntire, D.D., Minna, J.D., et al. (1995) JAMA, 273
(7), 558-63.

[64] Matsumoto, S., Minobe, K., Utada, Y., Furukawa,
K., Onda, M., Sakamoto, G., et al. (2000) Cancer
Lett., 152 (1), 63-9.

[46] Jin, L., Thompson, C.A., Qian, X., Kuecker, S.J.,
Kulig, E. and Lloyd, R.V. (1999) Lab. Invest., 79
(4), 511-2.

[65] Moskaluk, C.A. and Kern, S.E. (1997) Am. J.
Pathol. , 150 (5), 1547-52.[47] Khan, J., Saal, L.H., Bittner, M.L., Chen, Y., Trent,

J.M. and Meltzer, P.S. (1999) Electrophoresis, 20
(2), 223-9. [66] O'Farrell, P.H. (1975) J. Biol. Chem., 250 (10),

4007-21.
[48] Kinzler, K.W., Nilbert, M.C., Su, L.K., Vogelstein,

B., Bryan, T.M., Levy, D.B., et al. (1991) Science ,
253 (5020), 661-5.

[67] Ohira, M., Kageyama, H., Mihara, M., Furuta, S.,
Machida, T., Shishikura, T.S., et al. (2000)
Oncogene, 19 (37), 4302-7.

[49] Knudson, A.G. Jr. (1985) Cancer Res. , 45 (4), 1437-
43. [68] Ong, S.T., Fong, K.M., Bader, S.A., Minna, J.D., Le

Beau, M.M., McKeithan, T.W., et al. (1997) Genes
Chromosomes Cancer, 20 (1), 16-23.[50] Kononen, J., Bubendorf, L., Kallioniemi, A., Barlund,

M., Schraml, P., Leighton, S., et al. (1998) Nat.
Med., 4 (7), 844-7. [69] Ornstein, D.K., Englert, C., Gillespie, J.W.,

Paweletz, C.P., Linehan, W.M., Emmert-Buck, M.R.,
et al. (2000) Clin. Cancer Res., 6 (2), 353-6.[51] Krizman, D.B., Chuaqui, R.F., Meltzer, P.S., Trent,

J.M., Duray, P.H., Linehan, W.M., et al. Cancer
Res., 56 (23), 5380-3, (1996). [70] Ornstein, D.K., Gillespie, J.W., Paweletz, C.P.,

Duray, P.H., Herring, J., Vocke, C.D., et al. (2000)
Electrophoresis, 21 (11), 2235-42.[52] Kuczyk, M., Serth, J., Bokemeyer, C., Machtens,

S., Schwede, J., Herrmann, R., et al. (1999) World
J. Urol., 17 (2), 115-22. [71] Peterson, L.A., Brown, M.R., Carlisle, A.J., Kohn,

E.C., Liotta, L.A., Emmert-Buck, M.R., et al. (1998)
Cancer Res. , 58 (23), 5326-8.[53] Larramendy, M.L., Lushnikova, T., Bjorkqvist, A.,

Wistuba, I.I., Virmani, A.K., Shivapurkar, N., et al.
(2000) Cancer Genet. Cytogenet., 119 (2), 132-8. [72] Ramnani, D.M., Wistuba, I.I., Behrens, C., Gazdar,

A.F., Sobin, L.H. and Albores-Saavedra, J. (1999)
Cancer, 86 (1), 14-21.[54] Latif, F., Tory, K., Gnarra, J., Yao, M., Duh, F.M.,

Orcutt, M.L., et al. (1993) Science , 260 (5112),
1317-20. [73] Saric, T., Brkanac, Z., Troyer, D.A., Padalecki,

S.S., Sarosdy, M., Williams, K., et al. (1999) Int. J.
Cancer, 81 (2), 219-24.[55] Leethanakul, C., Patel, V., Gillespie, J., Pallente,

M., Ensley, J.F., Koontongkaew, S., et al. (2000)
Oncogene, 19 (28), 3220-4. [74] Schutze, K. and Lahr, G. (1998) Nat. Biotechnol., 16

(8), 737-42.
[56] Leethanakul, C., Patel, V., Gillespie, J., Shillitoe,

E., Kellman, R.M., Ensley, J.F., et al.(2000) Oral
Oncol. , 36 (5), 474-483, .

[75] Schutze, K., Posl, H. and Lahr, G. (1998) Cell Mol.
Biol. (Noisy-le-grand), 44 (5), 735-46.

[57] Lehmann, U., Glockner, S., Kleeberger, W., von
Wasielewski, H.F. and Kreipe, H. (2000) Am. J.
Pathol. , 156 (6), 1855-64.

[76] Sekido, Y., Ahmadian, M., Wistuba, I.I., Latif, F.,
Bader, S., Wei, M.H., et al. (1998) Oncogene, 16
(24), 3151-7.

[58] Li, J., Yen, C., Liaw, D., Podsypanina, K., Bose,
S., Wang, S.I., et al. (1997) Science , 275 (5308),
1943-7.

[77] Sgroi, D.C., Teng, S., Robinson, G., LeVangie, R.,,
Hudson, J.R., Jr. and Elkahloun, A.G. (1999)
Cancer Res. , 59 (22), 5656-61.

[59] Liang, P., Averboukh, L., Keyomarsi, K., Sager, R.
and Pardee, A.B. (1992) Cancer Res., 52 (24),
6966-8.

[78] Shibata, D. (1998). Methods Mol. Biol., 92, 39-47.

[79] Shivapurkar, N., Maitra, A., Milchgrub, S. and
Gazdar, A.F. (2000) Hum. Pathol. , (In Press).



162    Current Molecular Medicine,  2001, Vol. 1, No. 1 Maitra et al.

[80] Shivapurkar, N., Sood, S., Wistuba, I.I., Virmani,
A.K., Maitra, A., Milchgrub, S., et al. (1999) Cancer
Res., 59 (15), 3576-80.

[94] Wang, F.L., Wang, Y., Wong, W.K., Liu, Y.,
Addivinola, F.J., Liang, P., et al. (1996) Cancer
Res., 56 (16), 3634-7.

[81] Shivapurkar, N., Virmani, A.K., Wistuba, I.I.,
Milchgrub, S., Mackay, B., Minna, J.D., et al. (1999)
Clin. Cancer Res., 5 (1), 17-23.

[95] Weber, R.G., Scheer, M., Born, I.A., Joos, S.,
Cobbers, J.M., Hofele, C., et al. (1998) Am. J.
Pathol. , 153 (1), 295-303.

[82] Simone, N.L., Gillespie, J., Pallante, M.A., Brown,
M., Emmert-Buck, M.R. and Liotta, L.A. (1999) In,
Molecular Pathology of Early Cancer, Srivastava, S,
Henson, D.E., Gazdar, A.F., ed. Amsterdam, IOS
Press, pp. 447-58.

[96] Werner, M., Mueller, J., Walch, A. and Hofler, H.
(1999) Histol. Histopathol., 14 (2), 553-9.

[97] Wistuba, I.I., Behrens, C., Milchgrub, S., Bryant,
D., Hung, J., Minna, J.D., et al. (1999) Oncogene,
18 (3), 643-50.

[83] Simone, N.L., Bonner, R.F., Gillespie, J.W.,
Emmert-Buck, M.R. and Liotta, LA. (1998) Trends
Genet. , 14 (7), 272-6.

[98] Wistuba, I.I., Behrens, C., Virmani, A.K., Mele, G.,
Milchgrub, S., Girard, L., et al. (2000) Cancer Res.,
60 (7), 1949-60.

[84] Simone, N.L., Remaley, A.T., Charboneau, L.,
Petricoin, E.F. III; Glickman, J.W., Emmert-Buck,
M.R., et al. (2000) Am. J. Pathol., 156 (2), 445-52.

[99] Wistuba, I.I., Behrens, C., Virmani, A.K., Milchgrub,
S., Syed, S., Lam, S., et al. (1999) Cancer Res., 59
(8), 1973-9.

[85] Smith, J.S., Alderete, B., Minn, Y., Borell, T.J.,
Perry, A., Mohapatra, G., et al. (1999) Oncogene,
18 (28), 4144-52.

[100] Wistuba, I.I., Lam, S., Behrens, C., Virmani, A.K.,
Fong, K.M., LeRiche, J., et al. (1997). J. Natl.
Cancer Inst., 89 (18), 1366-73.

[86] Smith, J.S., Tachibana, I., Lee, H.K., Qian, J.,
Pohl, U., Mohrenweiser, H.W., et al. (2000) Genes
Chromosomes Cancer, 29 (1), 16-25.

[101] Wistuba, I.I., Montellano, F.D., Milchgrub, S.,
Virmani, A.K., Behrens, C., Chen, H., Ahmadian,
M., et al. (1997) Cancer Res. , 57 (15), 3154-8.

[87] Smith, S.A., Easton, D.F., Ford, D., Peto, J.,
Anderson, K., Averill, D., et al. (1993) Am. J. Hum.
Genet. , 52 (4), 767-76.

[102] Wooster, R., Neuhausen, S.L., Mangion, J., Quirk,
Y., Ford, D., Collins, N., et al. (1994) Science , 265
(5181), 2088-90.

[88] Srikantan, V., Sesterhenn, I.A., Davis, L., Hankins,
G.R., Avallone, F.A., Livezey, J.R., et al. (1999)
Int. J. Cancer, 84 (3), 331-5.

[103] Yokota, T., Yoshimoto, M., Akiyama, F., Sakamoto,
G., Kasumi, F., Nakamura, Y., et al. (1999) Cancer,
85 (2), 447-52.

[89] Sugio, K., Molberg, K., Albores-Saavedra, J.,
Virmani, A.K., Kishimoto, Y. and Gazdar, A.F.
(1997) Int. J. Pancreatol., 21 (3), 205-17.

[104] Zhuang, Z., Bertheau, P., Emmert-Buck, M.R.,
Liotta, L.A., Gnarra, J., Linehan, W.M., et al.
(1995). Am. J. Pathol., 146 (3), 620-5.

[90] Done, S.J., Redston, M. and Andrulis, IL. (1998)
Am. J. Pathol., 153 (1), 47-51. [105] Zhuang, Z. and Vortmeyer, A.O. (1998) Cell Vis. , 5

(1), 43-8.
[91] Velculescu, V.E., Zhang, L., Vogelstein, B. and

Kinzler, K.W. (1995) Science , 270 (5235), 484-7. [106] Zhuang, Z., Vortmeyer, A.O., Mark, E.J., Odze, R.,
Emmert-Buck, M.R., Merino, M.J., et al. (1996)
Cancer Res. , 56 (9), 1961-4.[92] Virmani, A.K., Rathi, A., Zochbauer-Muller, S.,

Sacchi, N., Fukuyama, Y., Bryant, D., et al. (2000)
J. Natl. Cancer Inst., 92, 1303-7. [107] Zitzelsberger, H., Kulka, U., Lehmann, L., Walch,

A., Smida, J., Aubele, M., et al. (1998) Virchows
Arch, 433 (4), 297-304.[93] Vogelstein, B., Fearon, E.R., Kern, S.E., Hamilton,

S.R., Preisinger, A.C., Nakamura, Y., et al. (1989)
Science , 244 (4901), 207-11.


