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Advances in fluorescent in situ hybridisation 
Rosemary Ekong* and Jonathan Wolf& 

Recent advances in fluorescent in s i tu hybridisation 
included the generation of allele-specific probes, bar-coded 
chromosomes, and the visualisation of chromosome territories 
and genes within the nucleus. One major advance has been 
our ability to visualise and make precise and reproducible 
measurements from stretched DNA molecules prepared 
directly from human cells. 
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Abbreviations 
DMC dynamic molecular combing 
FISH fluorescent in situ hybridisation 
kb kilobase 

I n t r o d u c t i o n  
The fluorescent in situ hybridisation (FISH) technique 
involves the labelling of DNA probes with haptens, such 
as biotin or digoxigenin, by random priming or by nick 
translation. After denaturation the probes are applied 
to chromosomes in situ, as metaphase chromosomes 
or interphase nuclei, and DNA-DNA hybridisation is 
allowed to occur. Hybrids are then detected by means 
of fluorescently labelled molecules which have high 
affinity for the haptens, and the signal may be amplified 
with simultaneous layers of antibodies and antibodies 
conjugated to fluorescent molecules. Ahernatively, DNA 
probes may be directly labelled with fluorescent molecules 
such as FITC, texas red or the recently developed cyanine 
dyes, and in this instance, visualisation of the DNA-DNA 
hybrids does not require signal detection and amplification 
mentioned above. 

FISH has become a powerful molecular tool for detecting 
cytogenetic and molecular genetic alterations, and is 
widely applied in various fields of study. It has contributed 
to unravelling cytogenetic alterations in cancer [1] and 
early human development [2"], molecular descriptions of 
native nuclear and genome structure [3"-5"], comparative 
mapping between species [6,7"], countless cases of 
gene rnapping/localisation [8,9] and animal cytogenetics 
[10,11]. Applications of FISH technology have extended 
beyond basic research into clinical diagnostics where 
FISH is fast gaining ground for chromosome analyses. In 
clinical cytogenetics, FISH undoubtedly allows more cells 

and chromosomes to be analysed compared to classical 
karyotyping [12]. 

While established FISH techniques continue to find wider 
uses, technical advances have been reported that have 
potential new applications. The  available DNA substrates 
for FISH have been expanded from fixed chromosomes 
and interphase nuclei to include stretched single DNA 
molecules [13 "°, 14,15] and the nucleus and its components 
in their native forms [3"-5"]. FISH on stretched molecules 
enables improved resolution by as little as 1-2 kilobases 
(kb) can be mapped with respect to each other, compared 
with resolutions o f - 1 - 5  megabases and -50kb  obtained 
when mapping on metaphasc chromosomes and inter- 
phase nuclei, respectively. Such an improved resolution 
on stretched DNA molecules allows detailed studies 
of gene structure or intragenic rearrangements. FISH 
studies on cells maintaining their original shape and on 
native chromosomes permit investigations on the spatial 
distribution of nuclear components without inference 
from computer-assisted analysis of three dimensional 
image reconstructions. Also, nuclear functions such as the 
transcriptional activities of two homologous chromosomes 
can be studied, and one can directly visualise the 
localisation of nuclear components involved in processes 
of gene expression. 

Probes and targets now include all sizes, from chromo- 
some paints covering parts of, or entire, chromosomes 
(10-100Mb) to a few kb or even less [16",17"]. The 
level of sensitivity of the FISH technique has increased 
such that it is now possible to discriminate between 
single basepair substitutions [18"]. Analysis has been 
extended from freshly prepared samples to previously 
analysed and stored archival samples. These archival 
samples range in age from a few months to several 
years, and are being used for retrospective chromosome 
analysis. The  samples, when fresh, have prcviously becn 
subjected to standard cytogenetic analysis, then portions 
preserved by formalin-fixation and paraffin-embedding. 
Subsequent FISH analyses of such archival samples have 
either agreed totally with previous karyotype analysis 
or provided additional information on aneuploidies and 
structural aberrations using chromosome-specific probes or 
paints [19,20]. 

T e c h n i c a l  a d v a n c e s  
Fibre FISH 
Physical mapping plays a major role in the cloning of 
human disease genes and FISH has been important to 
such studies, for instance, in the cloning of Tuberous 
sclerosis 1 gene [21,22], for which FISH analysis of cosmid, 
Pl,  PAC, YAC and BAC clones aided the unambiguous 
assembly of the critical region. Although metaphase and 



20 Analytical biotechnology 

interphase FISH have played their roles in these studies, 
fibre FISH (i.e. FISH either to extended chromatin or to 
purified DNA) has become increasingly important. The 
technique has developed from hybridisation to extended 
chromatin released from nuclei by detergent or alkaline ly- 
sis [23-27], through genomic DNA stretched mechanically 
by pulling one slide along the length of another [28,29], 
to novel methods such as molecular combing [14,30], 
and most recently dynamic molecular combing (DMC) 
[13 °°] of purified high molecular weight genomic DNA. 
All the above techniques permit DNA sequences to be 
mapped, and the organisation of single DNA molecules to 
be studied. Fibre-FISH with two cDNA probes was used 
to detect additional gene duplication or deletion within 
a region of the MHC that contains a short duplicated 
gene cluster [31]. Arrays of chromosome 22 rDNA and 
or-satellite, which span 430kb and 2.6Mb respectively, 
were measured in purified high molecular weight DNA 
prepared by the halo method, which involves lysing cells 
with detergent to release the DNA [32°]. 

The level of resolution depends on the technique used 
for stretching the DNA molecule. Some problems with 
mapping on stretched DNA include variability in DNA 
stretching from one area of the slide to another and too 
few hybridisation signals. Variability in DNA stretching 
is a problem when the aim of an experiment is to 
determine distances, sizes and extent of overlaps, but 
not order. Corrections in measurements have to be 
performed using the size of a known control, and this 
may still yield erroneous results. To obtain reliable size 
and distance measurements, it is important to perform 
statistical analysis. This cannot b e  done with a few 
hybridisation signals which are variable in size. These 
drawbacks have now been overcome with molecular 
combing of cloned DNA [14,30] or DMC of total genomic 
DNA [13"°], making it possible to obtain consistent and 
uniform stretching of total human genomic DNA at very 
high density, without excessive DNA shearing. DNA is 
prepared by a standard pulsed-field gel electrophoresis 
agarose block method. Silanised coverslips are dipped into 
a reservoir of the DNA solution and withdrawn using 
a mechanical device operating at a constant speed. The 
DNA is stretched by the action of the meniscus, which 
creates a constant stretching force and this removes the 
variability in stretching, and irreversibly bound by the 
instantaneous drying as the hydrophobic surface of the 
coverslip emerges from the liquid. DNA molecules are 
thus aligned in the same direction throughout the surface 
and not in several directions, except at localised points 
where the treated surfaces are uneven. 

Advantages of DMC [13 °'] over other methods of 
extending genomic DNA for FISH [23-28] are: 

1. Stretching of DNA over the entire surface with a 
constant stretching factor of 2 kb/~tm (2 kb of relaxed DNA 

would measure 0.68~tm) giving uniform hybridisation 
signals and hence no need to normalise data [33]. 

2. No variability in DNA stretching between different 
batches of surfaces or different DNA solutions. This 
means reliable measurements of distances with no require- 
ment for internal standards or knowledge of any previous 
data. 

3. High density of total genomic DNA and hybridis- 
ation signals permitting statistical analysis on a single 
22 x 22 mm coverslip. 

4. Limited DNA shearing and, consequently; analysable 
DNA fragments of several hundreds of kilobases. 

5. Many surfaces can be prepared from the same DNA 
solution. 

Using DMC [13°'], distances between cosmids from two 
contigs of the human calcium-activated neutral protease 3 
gen¢ were measured within a YAC, without its isolation 
from the total yeast genome, and a correct re-orientation 
of one of the contigs achieved. The technique also enabled 
the precise measurement of uncloned intervals within 
a contig spanning the Tuberous sclerosis 1 gene using 
human genomic DNA and the detection and measurement 
of deletions involving the Tuberous sclerosis 2 disease 
gene using patient DNA. 

It would be of value if comparative genome hybridisation 
could be extended from its current use on metaphase 
chromosomes to stretched DNA, where it might be 
capable of revealing copy number variations in the genes 
of control and experimental DNA. A first step towards 
this has been reported [15] using a modification of 
the molecular combing method [14,30]. Comparative self 
hybridisations with mixtures of the same cosmid probe 
labelled with two different haptens were performed and 
uniform fluorescence ratios over the length of the target 
molecule were plotted. Ultimately, the goal is to perform 
comparative gcnome hybridisation on immobilised clones 
using complex, whole genome probes. 

Karyotyping 
In clinical cytogenetics, karyotyping by FISH is being 
developed for use in conjunction with classical karyotyping 
to enable easier and faster identification of chromosome 
aberrations. One such technique is the 'chromosome 
bar code' [34] where each chromosome pair can be 
identified by a unique set of muhi-coloured bands or 
bars similar to the black and white bar codes found on 
supermarket products. A recent report [35"] has confirmed 
that the chromosome bar code used to investigate clinical 
cases gave the same results as previous classical analysis 
together with additional information. The difference 
between the chromosome bar code and classical analysis 
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is that the chromosome bar code simplifies chromosome 
identification as opposed to the grey-scale of classical 
chromosome banding. In the review by Muller eta/. [35"], 
10 clinical cases, previously analysed by standard banding 
methods, were analysed by chromosome bar coding. Bar 
coding revealed chromosome aberrations not previously 
detected by Giemsa-banding, and it also narrowed down 
sites of rearrangements. Irradiation fragment hybrid cell 
lines containing between them subregions of each human 
chromosome were amplified by Alu primed PCR. The 
resulting PCR products were placed into one of two pools 
and labelled either with biotin or digoxigenin. The mixed 
probe was then used in a single hybridisation. Each human 
chromosome was identified by a unique set of signals and 
a coloured idiogram of all human chromosomes produced 
[35°°]. Chromosome rearrangements and aneuploidies 
should be easily detected, and rearrangements will be 
seen as deviations from the signal sequence of the normal 
chromosome. The resolution of this technique, however, 
still needs improvement as some chromosomes are poorly 
represented in the pool of probes used and rearrangements 
involving unrepresented chromosome regions will be 
difficult to identify. Ideally; the resolution of chromosome 
bar coding should be comparable to classical chromosome 
banding. 

In gynaecology and fetal medicine, multicolour FISH 
is increasingly being used clinically or as a research 
tool to investigate fertility [2",36,37] and to analyse 
fetal chromosomes/aneuploidies in samples of fetal origin 
[38,39]. For example, Klinefelter's syndrome in men [371 
and endometriosis in women [36] are two conditions which 
cause infertility: The chromosomal composition and/or 
alterations in cells from these patients have been analysed 
by FISH in an attempt to unravel possible causes for the 
infertile status of these patients. 

Another area wherc FISH is of value is in monitoring 
the effects of clinical treatments on chromosomes. For 
example, chromosome abnormalities in germ cells follow- 
ing chemotherapy and/or radiotherapy [40,41] have been 
examined. In these studies, standard multicolour FISH 
was applied to sperm samples collected before, during and 
after treatment. In both studies, high rates of aneuploidy 
were observed and both concluded that the disease, as well 
as the treatment, contributed to the observed results. 

High-throughput assays/diagnostics 
FISH has undoubtedly become an important tool in 
clinical cytogenetic laboratories but to be used routinely 
in clinical diagnostics, it is desirable that multiple analyses 
be performed in a single hybridisation experiment. For 
instance, the simultaneous assay of rearrangements involv- 
ing subtelomeric regions of all the human chromosomes 
has been described [42°]. Telomeric probes for each 
chromosome arm were dried onto a simple device of 
24 panels - -one  panel (a section of a slide containing a 
unique probe) for each chromosome probe. The probe 

device was then placed over a template slide, also divided 
into 24 squares each containing dried, fixed chromosome 
preparations, and each square was hybridised to one of 
the panels. The advantage of this approach over multiple 
hybridisations with individual telomeric probes is that only 
a single slide per patient material is needed rather than 24 
slides per patient. 

A new concept in clinical investigations/diagnostics is 
to apply multilocus probes in single hybridisations us- 
ing standard FISH onto metaphase chromosomes or 
interphase nuclei. Such multiple probes have been 
specifically targeted to specific subsets of disorders like the 
microdeletion syndromes [43"], for example, the DiGeorge 
(or velocardiofacial), Prader-Willi, Angelman and Wiliams 
syndromes; or single disorders, such as acute myeloid 
leukaemia or cri-du-chat [44,45]. The absence of a probe at 
its expected locus indicates the presence of the syndrome 
to which the probe corresponds. 

Native nuclear and chromosome structure 
FISH is one of the few methods available for visualisation 
of the 3D nuclear structure and of genome organisation 
within cell nuclei. The most important aspect in such 
studies is the preservation of the original shape of 
the cell and its components during the experiments. 
Usually cells are grown directly on coated slides where 
they are subsequently processed using reagents that 
maintain the 3D structures [5°]. Two novel approaches 
for preserving 3D structure involve embedding the cells 
either in acrylamidc [3 ° ] or in agarose [46"]. With the 
agarose method, template DNA is denatured using NaOH, 
not heat, in order to avoid melting the agarose. To 
study chromatin fibres the cells can be subjected to 
elcctrophoresis in situ in the agarose ('comet' assay) 
but to study intact nuclei no electrophoresis is applied. 
The spatial distribution of chromosome-specific sequences 
in centromeres, telomeres and other regions of specific 
chromosomes has been determined [46"]. 

Confocal laser microscopy enables 3D reconstruction of 
the positions of FISH signals within a nucleus. Such 
studies have shown, for instance, that the arrangement and 
peripheral localisation of telomeres within nuclei change 
depending on the stage of the meiotic cell cycle [3"], that 
genes, whether active or inactive, are preferentially located 
in the periphery of chromosome territories, whereas 
non-coding sequences are randomly distributed in the 
chromosome territory [5"], and that the active and inactive 
X chromosomes differ in shape and surface structure, but 
are similar in volume, and an autosome was found to be 
similar to the active X chromosome [4"]. 

The scanning near-field optical/atomic-force microscopy 
will prove to be an additional new technology for studying 
native chromosome structures. With this technology sam- 
ples do not require pre-treatment and its first application 
has been to detect the topography of fluorescently-stained 
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native chromosomes [47"]. With the FISH technique, it 
should be possible to analyse the structure of specific 
regions of chromosomes. 

Probes 
Oligonucleotides that differ by just a single nucleotide 
have been used in FISH experiments [18"] to distinguish 
repetitive o~-satellite sequences in the centromeres of 
two human chromosomes (13 and 21). Biotinylated or 
digoxigenin-labelled oligonucleotides were designed so 
that, following hybridisation to a target, their ends abut 
at the point of potential sequence mismatch. Here, if the 
sequence matches, they could be ligated into a closed 
circle forming a 'padlock probe' locked at the hybridisation 
site. Although this technique is still in its infancy, it will 
be interesting to see if it can be developed to the point of 
detecting sequence variation at single copy DNA targets. 

To reduce the cost of COT-1 DNA (COT refers to the 
degree of association of complex DNA, where CO is the 
initial DNA concentration, and T is the incubation time 
in seconds) required for suppressing repetitive sequences 
in probes and to lower background signal caused by 
suboptimal suppression of labelled repetitive sequences, it 
would be advantageous to generate FISH probes lacking 
repeat sequences. If the repetitive sequences are not 
suppressed, they give hybridisation signals which could 
affect the interpretation of results. Subtractive hybridis- 
ation with excess biotin-labelled COT-1 DNA has been 
employed prior to amplification of the remaining probe 
by PCR and labelling [48]. Another report describes the 
deliberate choice of small insert (2-4 kb) genomic FISH 
probes lacking repetitive sequences for mapping small 
(2-5 kb) deletions within genomic regions on metaphase 
chromosomes [16°]. These probes were found to give 
strong hybridisation signals (presumably because they 
lacked repetitive sequences); however, the hybridisation 
efficiency of the 4 kb probe (78-90%) was higher than that 
of the smaller probes (43-81%). 

The limit of fibre-FISH mapping has been pushed 
further by the mapping of 400 bp PCR products of exons 
onto extended cosmids with hybridisation efficiencies of 
70-90% [17"]. 

Conclusion 
'Seeing is believing' says the proverb and although 
we have many other techniques, which together can 
accomplish much that fluorescence in situ hybridisation can 
currently achieve, there remains something very satisfying 
in being able to view directly the relative positions of DNA 
sequences. Perhaps because of this there is a great deal 
of interest in FISH, which in consequence is a rapidly 
evolving technique. A very few years ago FISH could 
resolve the order of two probes only if they were at 
least a megabase apart. Now resolutions are measured 
in hundreds or maybe even tens of basepairs. Probes 
have shrunk from cosmid inserts to small P e R  products 

and the latest probes are allele specific, recognising 
single nucleotide substitutions. It will not take a huge 
step forward in technology to enable the direct reading 
of a chromosome's haplotype by the use of multiple 
padlock probes. One capability unique to FISH is the 
ability to examine DNA (and RNA) structures in their 
normal surroundings. We will undoubtedly see many more 
pictures of interphase chromosomes over the next couple 
of years, particularly when fluorescently tagged antibodies 
to nuclear scaffold proteins are studied in conjunction with 
the FISH results. The  next year or two promise to be very 
colourful. 
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