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Abstract. Colour figures can be viewed on http://www.esacp.org/acp/2002/24-4_5/heinmoeller.htm.

1. Introduction

The pathologist of the future will not be content to
identify morphologically altered cells within the con-
text of the defined morphological compartment. He
or she will want to genotype that cell to determine if
genetic damage has occurred that may be relevant to
the medical management of the patient. Hence, one
of the most rapidly growing fields in modern pathol-
ogy and diagnosis is the molecular analysis of single
cells and small cell clusters microdissected from tissue
sections mounted on glass slides and from cell smears
or cytospins harvested for cytological diagnosis. In re-
cent years, technical refinements have enabled PCR-
based genetic analysis of minute amounts of genomic
DNA or RNA obtained from as little as a single cell
(Fig. 1) [4,5,8,13,24,27,31,37,53]. Based on the grow-
ing knowledge of the genetic defects underlying malig-
nant and non-malignant pathological conditions, mole-
cular data are increasingly used as valuable support for
routinely performed histopathological diagnosis. Tis-
sue or cell samples processed in routine pathology usu-
ally consist of heterogeneous cell populations which
can frequently complicate precise molecular genetic
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analysis of the cell population in question. An impor-
tant challenge in molecular pathology is the sampling
error associated with microdissection that often leads
to false negative or false positive results [9,26]. As a
rule of thumb, the more homogeneous the cell popula-
tion analysed, the more precise and reliable the molec-
ular information obtained on the cell population under
study. Current technologies permit molecular analyses
of single cells.

2. Microdissection techniques

Microdissection of tissue samples facilitates the pre-
cise molecular analysis of the different steps during
carcinogenesis based on morphological changes in pre-
neoplastic lesions (Fig. 2). Tumours are heterogeneous
due to infiltrating normal stromal or inflammatory cells
and they contain genetically heterogeneous subpopu-
lations that differ from normal cells by point muta-
tions, loss of heterozygosity, and chromosomal abnor-
malities. Tumour cells forming the invasive part of the
tumour may have genetic defects different from tu-
mour cells at the centre of the lesion. Besides microdis-
section,in situ techniques like immunohistochemical
staining of cells provide a valuable method to dis-
criminate cell populations according to their pheno-
typic and functional characteristics in normal and dis-
eased tissues. Combined with morphological features
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Fig. 1. Schematic demonstration of different possibilities to acquire genetic information using tissue microdissection. Nowadays, researchers can
chose from a variety of methods depending on the desired information. This figure can be viewed on http://www.esacp.org/acp/2002/24-4_5/
heinmoeller.htm.

and immunohistochemistry, microdissection of defined
cells or cell populations followed by molecular genetic
analysis is a powerful approach to aid in better under-
standing the pathogenesis and progression of cancer-
ous and non-cancerous diseases.

Two simple microdissection techniques are com-
monly employed. Manual microdissection of stained
tissue sections mounted on glass slides can be per-

formed using an inverted microscope and a sterile nee-
dle. This technique is simple and inexpensive. Pre-
cision of manual microdissection is limited, espe-
cially when tissue areas consisting of less than 50
cells are of diagnostic interest. The risk of contam-
ination is also substantial. Another technique is mi-
crodissection aided by a mechanical micromanipula-
tor, which is equipped, for example, with a glass or
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Fig. 2. A: Manual microdissection with surgical needle, w. or w/o optical magnification; B: Mechanical microdissection with joystick-operated
robotic micromanipulator and inverted microscope; C: Laser-assisted microdissection using the laser to cut the sample and to transfer desired
parts into tube mounted above the slide; D: Laser-assisted microdissection using foil-mounted tissue sections. This figure can be viewed on
http://www.esacp.org/acp/2002/24-4_5/heinmoeller.htm.

tungsten needle (Sutter Instruments, Novato, Califor-
nia, USA; http://www.sutter.com/) [21]. This relatively
inexpensive technique enables precise microdissection
down to the level of a single cell with only negligi-
ble risk of contamination [5,27]. Drawbacks of me-
chanical micromanipulator-guided microdissection are
(i) time required for microdissection when many cells
are processed, (ii) technical skill on the part of the op-
erator, and (iii) lack of automation for cell collection.

An important advance was the development of laser
microdissection technology (Fig. 2) [17]. This expen-
sive technique uses focused pulsed ultraviolet light to
cut tissue areas or single cells out of tissue sections
with high precision and speed. At least four principles
of laser-assisted tissue microdissection are used: (i) ab-
lation of unwanted tissue by laser beam followed by
mechanical picking of the lesion in question with a mi-
cromanipulator or a sterile needle [4], (ii) laser capture
microdissection (LCM, Arcturus Engineering, Moun-
tain View, California, USA; http://www.arctur.com) in

which a focused laser beam melts a polymer mem-
brane with the cells in question and lifting of the mem-
brane transfers the bound tissue to a microcentrifuge
tube containing cell lysis buffer [16], (iii) laser pres-
sure catapulting microdissection (LPC, P.A.L.M., Mi-
crolaser Technologie, Bernried, Germany; http://www.
palm-microlaser.com/) in which microdissected cells
on a polymer membrane are catapulted by laser beam
pressure into the lid of a microcentrifuge tube con-
taining cell lysis buffer [53], (iv) gravity-assisted
laser microdissection (Leica LMD; http://www.leica-
microsystems.com/) in which tissues that are mounted
on a polymer membrane are inverted on the micro-
scope stage and cells microdissected by a pulsed UV-
laser fall into the microcentrifuge tube. Major ad-
vantages of the last three variants of laser-assisted
microdissection are contamination-free collection of
cells or tissues, speed of handling and the potential
of computer-assisted automation of sample collection.
These features are especially important considering the
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growing need for high throughput analysis of complex
tissue areas, e.g., in the diagnosis of microsatellite in-
stability in preneoplastic lesions of patients suscepti-
ble to HNPCC-syndrome [26] or in proteomics, where
large amounts of proteins are needed for analysis (for
review, see [40,56]).

3. Molecular analysis of single cells or small cell
numbers

Micromanipulator-guided collection of single cells
or small tissue areas and laser microdissection tech-
nologies meet the requirements of contamination free
and precise, small sample collection. However, mole-
cular analysis of minute amounts of DNA or RNA
has several challenges. Tissue fixation is critical if
molecular data obtained from small tissue samples
are analysed. While tissue morphology is usually not
altered significantly by various tissue fixation tech-
niques, the quality of the DNA extracted from fixed
tissues is affected if formalin, which is the most
widely used fixative, is employed. Formalin causes
DNA-degradation by cross-linking of DNA-molecules
thereby limiting the efficiency of PCR amplification
and the maximum achievable length of the PCR ampli-
con [29].

The detection of microsatellite instability (MSI) and
loss of heterozygosity (LOH) are the most commonly
used tests in diagnostic molecular pathology and ba-
sic research. For both tests to reach maximum reli-
ability, the cell populations tested are required to be
as homogeneous as possible. For example, microdis-
sected tumour tissue should contain at least 70% neo-
plastic cells to enable detection of LOH [10]. The dis-
section of small tissue areas has been shown to be im-
portant to avoid false negative results, e.g., in the di-
agnosis of MSI [26] or LOH [9]. Precise laser-assisted
microdissection of various areas of a flat villous ade-
noma with a small focus of colonic adenocarcinoma
from a patient susceptible to HNPCC-syndrome re-
vealed high grade MSI in the adenoma as well as
in the carcinoma. No high grade MSI could be de-
tected when the entire tissue section containing both
lesions was collected. The study of Bertheau et al. [9]
demonstrated that stromal cells may obscure detection
of LOH in breast cancer samples. LOH analysis from
whole tissue samples versus laser-assisted microdis-
section showed that 39 LOHs of 55 LOHs were not
diagnosed when whole tumor samples were analyzed,
which is a decrease of sensitivity of 71%. The signifi-

cance of sampling error in procurement of small tissue
sample sizes lower than 30 cells has been demonstrated
recently by Dietmaier et al. [13]. In this study, im-
proved primer extension and preamplification PCR (I-
PEP-PCR), which is an improved technique of whole
genome amplification originally described by Zhang et
al. [71] was used. Limitations in the interpretation of
PCR results from laser microdissection of small tis-
sue samples or single cells from formalin-fixed tis-
sues were clearly demonstrated. For reliable and re-
producible diagnosis of LOH at least 10 unfixed cells
from fluorescence-activated cell sorting, 10 cells from
frozen tissue or at least 30 cells from formalin-fixed
and paraffin-embedded tissue sections were required.
When less than 10 or 30 cells, respectively, were am-
plified, false positive results were obtained in the diag-
nosis of LOH. The results showed loss of one of the
two alleles in LOH analysis of samples exhibiting no
allelic loss when more than 30 cells were analysed.

In tissue sections, besides cross-linking of DNA
molecules, loss of genetic material occurs with sec-
tioning simply because of the three dimensional tissue
structure. Loss of chromosomes or parts of chromo-
somes can lead to pseudo-LOH, dependent on section
thickness. It is estimated that loss of chromosomal ma-
terial occurs in 15 to 20% of nuclei in tissues sectioned
routinely with 5 µm thickness [13]. For this reason,
microsatellite allele typing is not possible with single
cells from sectioned tissues.

In a recent study, a correlation between the amount
of DNA from formalin-fixed, paraffin-embedded tis-
sues used for PCR amplification and the number of
false positive sequence changes detected by sequence
analysis was found. Williams et al. [69] recorded up
to one mutation artifact per 500 bases analysed when
10 and 20 cells/PCR-reaction were templates in a
nested PCR-set-up. No sequence artifacts were de-
tected when frozen tissues were analysed. These data
are of fundamental importance as formalin-fixed tis-
sues are used routinely in biomedical research, and
mutation databases usually contain data obtained from
formalin-fixed tissues (e.g., 38% of somaticTP53mu-
tations recorded in the IARC database originate from
formalin-fixed tissues [69]). Interestingly, false posi-
tive mutations were not detected after sequencing of
more than 4000 bases when 30 cells from formalin-
fixed tissues were preamplified by I-PEP-PCR [13].
The I-PEP-PCR mix containedTaqpolymerase added
with a pwo proofreading enzyme, which may greatly
reduce the amount of PCR amplification errors usually
introduced byTaqDNA polymerase (one in 2× 105 to
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2×103 bases amplified, [39,62]). However, the reasons
for the presence of artificial mutations after sequence
analysis of minute amounts of DNA may be more com-
plex. As described by Williams et al. [69], mutation ar-
tifacts could be the consequence of formalin damag-
ing or cross-linking of cytosine nucleotides. TheTaq
DNA polymerase incorporates an adenosine instead of
a guanosine (because of the so-called A-rule) thereby
creating a C> T or G > A mutation. In addition,
damaged DNA may promote jumping between tem-
plates during enzymatic amplification. As a result,Taq
DNA polymerase may then insert an adenosine residue
when it reaches the end of a template molecule, then
jump to another template and continue the extension
thereby creating an artificial mutation. Consequently,
the lower the amount of DNA used as starting material,
the higher the chance that a damaged DNA molecule
will lead to the creation of an artificial mutation dur-
ing the first rounds of amplification. Higher amounts
of DNA templates (30 cells in the study of Dietmaier
et al. [13] and>300 cells in the study of Williams et
al. [69]) were found sufficient to let intact templates
dominate the amplification process thereby suppress-
ing the amplification of damaged templates.

Critical factors influencing the outcome of PCR am-
plification of DNA or RNA with subsequent sequence
analysis are the concentration of formalin used for fix-
ation, the use of neutral buffered formalin versus non-
buffered formalin and the duration of fixation. The
use of neutral buffered formalin and formalin con-
centrations in a range of 2 to 4% minimizes DNA
or RNA cross-linking, and the prolonged formalin-
fixation of tissues (more than 24 hours) increases DNA
cross-linking [7,68]. The impact of formalin-fixation
on RNA extraction out of paraffin embedded tissues
was less strong, most probably due to the presence of
higher copy numbers of RNA-molecules in microdis-
sected cells [22,28]. It is important to note that all stud-
ies cited above found the use of fresh frozen tissues or
ethanol-fixed tissues superior to formalin-fixed tissues
with regard to DNA recovery, amplification efficiency,
length of amplified segments and the precise error-free
sequence analysis after specific amplification. In addi-
tion, for clear and crisp immunohistochemical staining
(e.g., for the presence of mutatedTP53and thereby sta-
bilized p53 protein), ethanol-fixation is the method of
choice compared to formalin-fixation or the less com-
monly used fixatives like Bouin’s solution [1,2,27].

4. Molecular analyses from single cells facilitated
by whole genome amplification

In general, PCR-technology is powerful enough to
amplify segments of various lengths from diploid sin-
gle cell genomes and even from haploid genomes re-
covered from sperm cells for subsequent molecular
analysis. The most widespread strategy employed is a
nested PCR-set-up which, when performed as a multi-
plex PCR can amplify more than 20 segments simul-
taneously in one reaction tube [55]. However, no sub-
sequent PCR (e.g., PCR to confirm an identified muta-
tion), can be performed after a nested PCR from a sin-
gle cell. To overcome these limitations, whole genome
amplification (WGA) PCR-techniques have been de-
veloped in which genomes from single or few cells are
pre-amplified in a nonspecific, random manner thereby
creating multiple copies (30 to several hundreds) [60]
of the single cell genome. This enables multiple subse-
quent specific PCRs of any region of the genome of in-
terest. Most commonly used WGA-techniques are de-
generate oligonucleotide primer-PCR (DOP-PCR) [58,
59] and primer extension and preamplification PCR
(PEP-PCR) [71]. DOP-PCR uses primers which have
defined sequences at the 5′ and 3′ termini. Between
these regions is a random hexamer sequence. PCR is
performed under low stringency conditions during the
first five cycles followed by 35 cycles with a more
stringent annealing temperature. PEP-PCR uses to-
tally degenerate primers which are 15 nucleotides long.
Primers are allowed to anneal at a low temperature
(37◦C) which is then continuously increased up to
55◦C. It has been reported that PEP-PCR and DOP-
PCR amplify more than 95% of the genome [3,6] with
PEP-PCR amplification covering slightly more of the
genome than DOP-PCR [67]. The feasibility of WGA
techniques has been demonstrated in up to 90 specific
molecular analyses even for comparative genomic hy-
bridization from single cells [67]. PEP-PCR protocols
have been improved recently to enable multiple muta-
tion analyses from paraffin-embedded tissues from as
little as a single cell [13,27].

Molecular analysis of single cells has been per-
formed routinely in fields like reproductive medicine
for more than a decade [24]. Other fields of interest
for molecular genetic single cell analysis are the clonal
analysis of T-cell receptor repertoire of CD8+ T-cells
after antigenic stimulation [41], clonal analysis of im-
munoglobulin rearrangements in Reed–Sternberg cells
in Hodgkin’s disease [64] and the detection of mi-
crometastatic tumour cells in blood, lymph nodes or
bone marrow to identify patients who may (or may not)
benefit from adjuvant therapy [44].
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5. Identification of rare alleles

Microdissection of single cells from histological
sections from normal and tumour tissues permits pre-
cise analysis of rare heterozygous mutations. Cancer
arises in multiple steps due to generation and accumu-
lation of mutations [38,63,65]. For example, in some
tissues like the pancreas, mutations in theTP53gene
or thep16INK4A gene may be among the first genetic
alterations occurring in morphologically normal ap-
pearing tissues or preneoplastic lesions representing
the very first steps in molecular carcinogenesis [25].
It is of great interest to develop a mutation detection
technique, which detects rare heterozygous mutations
in small tissue samples at the level of a single cell.
This would enable the determination of an individ-
ual mutation load and could be the basis for an in-
dividual cancer risk assessment for persons being ex-
posed to various exogenous hazards or at risk for can-
cer due to an endogenous predisposition (e.g., the Li
Fraumeni syndrome). The first steps have been per-
formed toward the development of such an assay that
measures this mutation load. For example, Wilson et
al. [70] have described a technique where PCR and lig-
ase chain reaction in combination with restriction en-
donuclease digestion has been adapted for the detec-
tion and identification of mutations in oncogenic loci
which do or do not contain a natural restriction en-
donuclease recognition sequence. The sensitivity re-
ported in this study was the detection of one mutant
allele in DNA equivalent to 106 cells. In the protocol
described by Chakrabarti et al. [12] for detection of
unknown mutations, formation of heteroduplexes oc-
curs in wild type DNA sample mixed with a DNA
sample of question containing putative mutations. By
a technique called Aldehyde-Linker-Based Ultrasensi-
tive Mismatch Scanning (ALBUMS) with subsequent
PCR-amplification of mutated DNA fragments, base
substitution mutations can be detected with a detection
limit of 1 base in 7 Mb of DNA. However, both tech-
niques suffer from a major drawback, i.e., a detected
mutation cannot be directly associated with a particu-
lar tissue compartment or cell of the tissue specimen in
question.

A PCR-technique which allows the detection of rare
alleles of a known mutation (e.g., a mutation in the
TP53 gene or other tumour suppressor genes previ-
ously identified within a tumour) is PCR-amplification
of specific alleles (PASA) [11]. For PASA, an oligonu-
cleotide primer is designed to amplify preferentially
one allele (the mutant allele) over another (the wild

type allele). Specificity is obtained if the oligonu-
cleotide matches the desired allele, but mismatches the
other allele(s) at or near the 3′ end of the allele specific
primer. Single base changes, deletions, and insertions
in DNA can be detected rapidly. This technique has a
specificity of less than or equal to 1 part in 40. Detec-
tion of minimal residual disease (rare remaining can-
cer cells during remission) is one of many applications
of this mutation screening technique, and technical im-
provements which have the potential to enhance dra-
matically the specificity of PASA have been published
recently [35].

Another highly sophisticated PCR-technique for de-
tection of known mutations or analysis of small tar-
get DNA sequences as small as 50 nucleotides is
rolling circle DNA amplification (RCA, for excellent
detailed technical description, see [72]). This method
uses circularised oligonucleotide probes for replication
of small target sequences with either linear or geo-
metric kinetics under isothermal conditions [37,43,72].
Replication products are visualized by coupling nu-
cleic acid hybridisation and multicolour fluorescence
imaging. The sensitivity of RCA is sufficient to detect
individual oligonucleotide hybridisation events, e.g., in
single cells or in stretched DNA fibers [72], and sin-
gle antigen-antibody complexes on glass surfaces [54].
The feasibility of this technique has been demonstrated
recently by visualization of point mutations in com-
monly analysed genes like thecystic fibrosis trans-
membrane conductance regulator, TP53, BRCA-1and
Patched. In addition, haplotyping of single human
cells by in situ hybridisation of allele discriminating
oligonucleotides to genomic DNA could be demon-
strated in this study [72]. Ladner et al. [30] combined
ligase detection reaction with RCA on a generic mi-
croarray which enabled the simultaneous detection of
17 mutational hotspots from multiplex ligation reac-
tions, providing the basis for microarray based high-
throughput automation. However, RCA-technique still
needs major improvements as, e.g., the signals in in-
terphase nuclei fluctuates between 20 and 55% of po-
tentially accessible DNA target sequences. In repro-
ductive medicine, genotyping of single cells from blas-
tomeres would require an efficiency of 100%, the de-
tection of somatic mutations would require an effi-
ciency of>80%. In addition, the signal intensity de-
rived from in situ RCA from formalin-fixed histologi-
cal sections is still low [72].

Few studies have analysed rare heterozygous muta-
tions in single cells microdissected from fixed, paraffin-
embedded and immunohistochemically-stained tissue
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sections [4,49,53,59]. Overall, these studies were ham-
pered by low amplification efficiency. A maximum
of 30% of single cell genomes could be success-
fully amplified only when segments below 200 bp in
length were chosen [4]. Although some studies have
analysed DNA from immunohistochemically-stained
single cells from fresh frozen tissue samples [45,
46], only one study has conducted whole genome
amplification prior to specific amplification of sin-
gle cell genomes from fixed, paraffin-embedded and
immunohistochemically-stained tissue sections [27].
In this study, rare, single and morphologically normal-
appearing cells overexpressing p53 protein were mi-
crodissected from ethanol-fixed, paraffin-embedded
and immunohistochemically-stained sections of nor-
mal human tissue. Single cells were amplified by a
modified PEP-PCR protocol that enabled sequence
analysis of exons 5 to 9 of theTP53 gene in 50%
of microdissected single cells. In these cells sequence
changes were found in 5 out of 25 cells analyzed.

6. Allele drop out

As described earlier, molecular analysis of small cell
samples is prone to several challenges like false pos-
itive LOH- or MSI-analysis. This is even more sig-
nificant when single cell genomes are analysed. Al-
lele drop out (ADO) is a tissue preparation and PCR
related phenomenon where one allele is preferentially
amplified over the other allele or where one allele is
absent after amplification. ADO occurs in particular
when templates consisting of DNA from less than 10
cells are amplified and occurs at the same rate regard-
less of whether nested PCR or whole genome ampli-
fication is used for initial amplification [23]. In re-
productive medicine ADO remains a serious problem
in the diagnosis of heterozygous mutations in single
cells harvested from embryos at the blastomere stage.
For example, in the case where both partners carry the
same genetic mutation, ADO may result in genotyping
the fetus either as homozygous normal or homozygous
affected. In the latter case, an otherwise non-affected
child may be aborted. If both partners carry different
mutations at a genetic locus, as frequently occurs in
regions where hemoglobinopathies are endemic, ADO
may lead to a misdiagnosis which will lead to birth, or
deathin utero, of an affected child [24]. Depending on
the source and quality of DNA amplified, ADO rates
between 0 and 83% have been reported [18–20,23,48,
57,67]. The allele that drops out during PCR amplifica-

tion occurs at random. The occurrence of ADO is influ-
enced by multiple factors, e.g., tissue sectioning, cell
lysis, ingredients of PCR mix, thermal cycling condi-
tions, guanine/cytosine content of the DNA-segment
amplified or DNA template degradation [15,47,66]. No
method described to date has been able to solve ADO.
Despite the high ADO rate found in studies in which
single cells from (fixed) tissue samples were analyzed,
mutation analysis may be feasible in single cells em-
bedded in paraffin. Heterozygous mutations may not
be as frequent and mutations of at least one allele will
be detected in all cases in which amplification of the
wild type allele is lost by LOH (e.g., the typical way of
TP53-inactivation in the majority of cases).

In conclusion, a variety of well designed studies
have explored the limits of PCR amplification and sub-
sequent molecular analysis. This was done using single
cells or small cell numbers dissected from formalin-
or ethanol-fixed tissues or from fresh frozen tissues,
which are routinely collected and handled in pathol-
ogy departments all over the world. It is expected
that future technical developments will facilitate the
speed and automation of the microdissection process.
However, serious challenges in the analysis of mole-
cular data obtained from amplification of single cell
genomes will continue to require special attention.
Optimized protocols for tissue processing and PCR
amplification are needed to gain access to the very
first molecular genetic changes responsible for initia-
tion and promotion of carcinogenic processes in hu-
man tissues. Furthermore, the engineering of poly-
merases with higher processivity may even enable
high throughput molecular genetic analyses from sin-
gle cells perhaps using microchip technology, which is
currently not possible due to the small amount of PCR
product after WGA. In the future, this may deepen
our biological understanding of pathologic processes
in general as well as enable the development of as-
says in which an individual mutation load can be de-
termined to assess individual cancer risk.
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