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In the long course of the cell on this earth it remained for our age, for our generation, to receive the full
ownership of our inheritance.
We have entered the cell, the mansion of our birth, and started the inventory of our acquired wealth.

Albert Claude - 1975

INTRODUCTION nucleic acids. The results of these and other obser-
vations directed a part of nucleic acid research
Nucleic acids have the interest of scientists in mantowards a demand for accurate methods for cell
basic and applied biomedical disciplines. During thitanalysis which would allow to obtain ever more
century, investigations have revealed, that nucleidetailed information, about parts of DNA in a
acids are ‘the bearers of life and heredity’. morphologic setting. This - among others - led to
They contain programs which regulate the man'in situ hybridization methods.
activities of the cells of which organisms are com- After highlighting some important events of the
prised, in the form of a series of discrete units oearly period, most attention will be given to tbys
specific sequences of nucleotide bases. These sjtochemicalapproach, with special emphasis on the
cific sequences are called ‘genes’ (from pangenemost recent developments in that field of science.
- de Vries, 1889). The genes are arranged linear Obviously, the choice of topics is largely deter-
on the chromosomes. mined by the author’s bias; there certainly has not
Prior to each cell division the complete set olbeen seriously strived to achieve completeness.
genes of the mother cell is duplicated, so that du
ing the division the two daughter cells each receiv
a complete set. THE EARLY YEARS

In unicellular organisms, all genes are active t
control the cell activities from cell division to First, let us dwell a moment on the ‘early years'.
interactions with the environment. In the cells ofEarly, not only because the century had just start-
multicellular creatures, only those genes necessaed, but also early in the history of nucleic acid
to develop and maintain the functions of thoseresearch.
organs are active, although - again - all genes a Nucleic acids reside mainly in cell nuclei which
present in each of the cells. can only be observed with optical magnifying
This contribution deals with some early observainstruments like microscopes, which implies (as
tions which stimulated interest in the smallest unithas been stated often) that: the development of
of life, the cells, and from there, the interest in‘cell biology as an independent scientific disci-
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pline is closely related to the development of-opti posed in 1838 by the German botanist Mathias
cal lenses and the construction of the microscopeSchleiden; his friend, the physiologist Theodor
From the middle of the 17th century scholars haiSchwann, extended it to animals. It was complet
made observations on microscopic objedks. ed by the pathologist Rudolfirshow in 1855,
Dutchman,Anthonie Van Leeuwenhoek with his when he prclaimed: omnis cellula e cellula
accurately manufactured microscopes was the fir: By the middle of the nineteenth cegttire cell the
to detect unicellular ganisms like bacteria in sev ory was firmly established and the science of cells,
eral kinds of materiaMan Leeuwenhoek had the or cytology stated to flourish”(de Duve, 1984).
advantage that he had invented a rather simp Another scientific milestone of that period is the
microscope, that due to its simplicity was relative discovery of the laws of heredity by tA@strian
ly insensitive to optical aberratiolhe images monk Johann Gregor Mendel (1865). He conduct
obtained with more complicated microscopes oed cross-breeding experiments on garden peas and
that period (with two or more lenses), at higheifound specific regularities in the pattern of oecur
magnification often were so blurred by this phe rence of diferent traits. Because he chose an
nomenon;‘that most details had to be filled in by obscure local journal for his publication, hardly
the imaginatiofi (de Duve, 1984). anybody paid attention to these ‘Mendelian Laws’
Robert Hooke, a biologist, physicist, meteorolo for about thirty years.
gist, architect and, amongst others, an early inver His conclusions had been that heredity in peas is
tor of microscopes, coined the worckll in his  based on individual, defined factors that are inde
publication ‘Micrographia(a collection of beauti pendent of each othéfransmission of these fac
ful drawings of microscopic observations - 1665).tors (like colour and shape) to the next generation
designating the regular array of ‘microscopicwill occur in predictable proportions. Each of
pores’present in a thin slice of cork. ‘Ceitood these factors is responsible for a certain trait.
for a small chamber like e.g. the cell of a prisonel Expressed in modern phrasing, the genetie pro
Later on the word was no longer used for the cavgram consists of discrete units of information.
ities, but for the cells that in the living tree wereEach unit controls a defined functidhose units,
present in these cavities. His more complicate named ‘genessince 1909, are transmitted from
microscope, due to the cumulation of spherical anone generation to the next; they exist in pairs<(alle
chromatic aberrations, did not allow him to repro les), one provided by the female parent, one of the
duce van Leeuwenhoekexperiments concerning male parent.
the bacteriaWhen uged too much by the Royal As will be discussed shortly hereaftgenetical
Society he seems to have ‘used his imaginationly determined traits are only independently inher
and, after 3 experiments, thought he ‘was able tited when they are located onfdiient chrome
confirm van Leeuwenhoek’observations of uni somes or far enough apart on the same chromo
cellular oganisms’(James, 1994). In December some to be separated each time by recombination
1677 he wrote to van LeeuwenhoeRht Pesi  (i.e. when there is no genetic linkage).
dent (of the Royal Societypnd all the members Then, in 1879 Flemming, introduced the term
were satisfied & it seems wewonderful that ther  ‘chromatin’for the substance present in the nucle
should be such an infinite number of animals irus and also discovered ‘structurgghromosomes
soe impetiptible quantity of matter” - name coined bwaldeyer 1888), describing their
In the early years of the 19th centutlye Italian behaviour during a mitotic division; Strasbar
physicist Giovanni BattistAmici (1823) and oth  (1888) described their demeanour during meiosis.
ers, discovered how to correct the major optica - The person believed to have been the first to
aberrations of lense§he microscope then was study chromosomes in pathological material is
ready formorphological investigations of cells. ~ Arnold, already in 1879. Hansemann (1891) also
“The increase in the sharpness of the images wewas active in this field.
dramatic; so much that only a few years later the - In 1901, DeVries recognized that ‘genesan
generalized thegr could be formulated that all change and ‘mutatgalthough it remained unclear
plants and animals amade of one or mersimi ~ what happened to which substance during a muta
lar units, the cells. For plants this thgowas po-  tion). In 1927 Muller discovered that mutations
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can be induced by X-rays. Early in the nineteelor recombined. In other word&he probability of
fourties several independent investigations showetwo genes located on distinct homologouoiw
that certain chemical substances also could indutsomes to beecombined, is portional to the dis
mutations. tance separating the loci that they occupy on the
- The danger of exposure to ‘chemicelst the  chromosomes’Frequency of recombination can be
importance of environmental conditions) hadysed as a measure of the physical distance between
already been suspected around 1775 by Sir Percivgene loci (Mogan, 1915).
Pott and John Huntewho had noticed that young A gene now can be defined as a sequence of
chimney sweepers had a high risk of developinpNA that codes for a certain polypeptide (one
scrotal cancer later in their life. He surmised that thgene, one polypeptide). One or more polypeptides
regular exposure to the tar from the smoke channelform a proteinThis implies that several genes can
was the origin of this complaint and recommendeipe involved in the production of a protein.
frequent washing and changing of clothing tc \we must, howeverealize that at that time, there
diminish ‘carcinogenic’exposure. Because there s not yet any notion of any functional relation

was (even in the nineteen fourties) no knowledg ghip petween chromosomes and gefis. nature
about the physical basis for the transfer of genetinf genes and how they function was still totally
information, it remained unclear what a mutatior ,cjear

actually was. There is another scientific result from the Rine

DThomefl]S'I M(r)]gan r(}:onlclugle]g frorr? studies \]IcVitE teenth century that is important for this presenta
rosophila that shortly before the onset of the;o, The morphological investigations of cells,

pachytene stage, homologous chromosomes Cor ;4 the growing idea that cells had to do with

i[ntimatelly closle to each k;).th?.r anti :‘ormha SylnaEheredity had stimulated interest for its nucleus, and
tonemal compliex, a combination ot two NOMoIogs; |y 45 in 1865 that a Swiss pathologist (Johann-
in which the almost identical base sequences of trFriedrich Miescherfascinated by the faity that

paternal and maternal DN&re into register with th . : .
; e nuclear material showed for the - in that period
each otherAt these chiasmata, breakage of then ewly developed - basic anilin dyes, decided to

chromatids can occufollowed by recombination analyse that material. Originally he worked with

of the remaining parts with each othémen dur white blood cells isolated from pus extracted from
ing this last process, exchange of (parts of) Chrcse tic bandages. Later he tookpsalmon sperm cells
matids takes place, we speak of ‘crossing-over ptic b: ges. L o P

for his biochemicalinvestigations.

As a result of crossing-oveihe genetic diversti )

cation is strongly enhancetihe haploid genomes !N 1868 he succeeded to isolate and analyse the

carried by each spermatozoon or ovum, are nduclear contents, and discovered that it contained
. (next to histones and other proteins) an acidie sub

identical copies of those in the original parenta X .
genomes b%t each chromosome ingthe rl?ew ingstance which he called “NucleinThat substance

vidual is the result of a number of fragmentscontained not only Hydrogen, Oxygen, Carbon
copied from the male’ or the femals’ contribu and Nitrogen (present in the proteins as well) but
tion to the new genome. also an amount of Phosphorus (Miescher 1871,
Morgan had started genetic studies with the fruil897). . ,
fly (Drosophila melanogastein 1910. From these However the composition in terms of these
studies (by him and many others over the world) ichem|c_al elements was the same in hur_nan leuco
became clear that genes are arranged linearly ovCytes, in salmon sperm and cell nuclei of other
the length of chromosomes (Myan, 1926)Two  SPecies and - as Oswadery put it in 19437 ...
genes that are located closely to each other on othe thymus type of nucleic acids whick anown
chromosome, will (most often) be inherited togeth to constitute the major pawof chomosomes but
er; will be ‘linked'. (The closer two genes are lecat have been thought to be alikegaudless of origin
ed on the same chromosome, the smaller the charand species ... how could it possibly be endowed
that they become unlinked by crossing-over). It willwith such biologically active and specificoper
be clear that due to crossing-qvevo genes which ties as necesswrfor heedity” (Stryer 1981). For
are located farther away from each other on each that reason, there was not much interest for tis
the homologs, have more chance to be crossed-ovsubstance for a long time.
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Table |
The early years

1900 - rediscovery Mendelian Laws of inheritance - Corrésihermak, d&ries

1901 - ‘genestan become altered (mutated) -\dees

1906 - ‘genetics’: study of the rules which govern heredity and variation

1909 - some metabolic diseases recognized as being transmitted by autosomal recessive inheritance - Garrod

Which substance is the beaar of heredity? nucleic acids play a role in human canaarthat
Although since about 1855 it was accepted thenucleic acids were carriers - even bearers - of
cells were the basis of livinggainisms, it remained heredity In this period, only the hypothesis of
unclear for a long time which substance in the ce Boveri (1914) that a change in chromosome-con
was responsible for the transmission of hereditarstitution is a prerequisite for neoplastic growth is
information from one generation to the next. one of the very few signs that some scientists con
Mendelian inheritance was systematically -anasidered nucleic acids (or the chromatin proteins)
lyzed in plants, animals and also in man, and sonto be of importance in this respect.
human diseases were recognized to have a here As far as inheritance was studied experimentally
tary cause. But ‘prescienTheodor Boveri, who in this period, the fruit fly(Drosophila melaneo
around 1900 already spoke about the ‘genetic indgaster)proved to be an excellent laboratory animal.
viduality of chromosomes’, was still an exceptionGenetic studies by the group of Man and many
(Passage, 1995; Boveryl909). others over the world, during the following 30 to 40
Actually it had been Rabl who already in 1885years, established ‘geneties an independent sci
had discussed this topic. Counting individualence and provided many important results.
‘Faden’(threads = chromosomes) in prophase ce Among others, genes were recognized to be
nuclei of the Salamandra maculaiahe never arranged linearly on chromosomes; chiasmata,
found more than 24 individual Faden per nucleuscrossing-over linkage and recombination were
From this observation he concluded that therunderstood and in 1915 the chromosome theory of
existed aconstantnumber ofindividual chrome  inheritance was formulated (Mganet al, 1915).
somes per cell in that tissue. Furthermore, h For many scientists, even then the chromosomal
hypothesized that for every type of species, therproteins - because of their complexity - seemed a
would exist a species specific number of chromomore likely candidate to be carriers of heredity
somes per cell nucleus. is difficult for us, living in theWatson-Crick era,
According to his expectations, these chremoto imagine that only 60 years ago most scientists
somes woul remain individual entities during believed that DNAwas too simple a substance,
interphase?Die Behauptung dafl3 beim Beginn der with too much similarity in dferent species, to
Knéauelbildung ein einziger kontinuierlich zusam play any but a minor role in hereditgven when
menhangendewindungseicher Faden den ganzen its association with the chromosomes became
Kern duchziehe”,in the eyes of Rabl, wa%ine clear and the role of chromosomes was seen as
Angabe, die sich wie eine Erbsiindedifufast alle  bearers of the genes, only the chromosagmnat
Arbeiten Uber Zelltheilung hindcinzieht”. And:  teins (perhaps in the form of ‘nucleo-proteins’)
“Niemand wid annehmen wollen, da die Fadenwere considered to have enough chemical-com
im Mutterknauel aufschiessen wie die Kristalle inplexity and inexhaustive possibility of variation,
einer Mutterlauge, oder daRR beim Ubang des as was required for a genetic material.
Tochterknduels zur Ruhe die Faden sich -voll In later years, bacteria and viruses with a much
standig auflésen oder in Stlicke zerfallen” simpler life cycle, proved to be of great practical
In 1911, Rous had discovered that a vinakleic  importance as laboratory researcamisms. Bac
acid can cause cancer in the fowl, but for a loncteria have no nucleus; may start duplicating their
time there was no evidence or indication thaDNA even before separating from their twins; their

10
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Table 1l
From hypothesis to knowledge

1909 - genetic individuality of chromosomes - Boveri

1911 - a viral nucleic acid can cause cancer in the fowl - Rous
1914 - change in chromosomes is prerequisite for cancer - Boveri
1915 - theory of inheritance - Laws of heredity - Fmet al.

1924 - chromosomes do contain DNAeulgen & Rossenbeck

doubling time can be as short as 30 minutes, whil Trying to produce and maintain long-term cell
the length of the complete cycle of the cells oicultures from normal human tissues, originally
higher animals may last 20 to 24 hours. proved to be difcult. Hayflick and Moorhead
Following an earlier observation of Gith, it  (1961) concluded from extensive studies on a
was during a study witfPneumococcu$acteria variety of human tissues, that for such cultures
that Avery in 1944 was able to demonstrate thaseveral phases of growth can be discerned.
DNA was“the fundamental unit of the transform  After a slow growth rate in the period that the
ing principle of Pneumococcus” cells have to adapt to the vitro environment, a
During the fifties, after it had become clear thaiperiod of exponential growth is observed, that
DNA was the bearer of heredity and cytometricalasts till the twentieth or early thirtieth passage.
measurements had confirmed the Dblgnistancy Then the growth slows down and during the
hypothesis, DNAcontent and concentration deter fourtieth to fiftieth passages, the cell lines eom
minations became an important issue in biologypletely cease to proliferate; the cells becomeg-lar
Amongst othersYialli contributed to this topic by er and granular and eventually degenerate.
elaborate studies in a variety of speckespecial The chromosomal constitution was found to
ly in hybrid cells of lower vertebrates he couldremain ‘predominantlydiploid, even towards the
demostrate remarkable fifences in DNAcon  end of the culturedifes. Freeze-storage at various

centrations (1957). passages is possible but/and will not change the
trend towards ‘senescenad’ the culture. One of
Long-term Cell and Tissue cultures the developments in long-term human cell-cul

Already early during this centurfRoss Harrison tures methodology was the discovery of perma
and Alexis Carrel had shown that animal cellsnent lymphoid cell linesAs we will discuss here
could be culturedn vitro like unicellular micro- after, from 1960 on cytogeneticists have been
organisms.They thereby demonstrated the cells’using human peripheral blood or lymphocytes for
capacity for independent life and set up a technigushort-term cultures as a routine procedure for
that is still rendering major services today althouglchromosome analysisthese cultures only will
it is not an easy procedure to accomplish and coisurvive for a few cell generations.
nected with a number of pitfalls (De Duve, 1984). After an indication that bone marrow cells from

During the early nineteen fifties, when methods t(patients suering from infectious mononucleosis,
obtain good quality metaphase chromosome prep might transform in culture and become permanent
rations had been developed (see hereatfter), chrorrlines, Gladeet al. (1968) tested peripheral blood
some analysis of long-term cell lines was starteclymphocytes of such patients and discovered that
One of the conclusions obtained from many studiethose cultures can be maintainedvitro as per
was, that the cells in the rodent lines (even those manent suspension cultures. Such human- lym
lines established from normal tissuéslvariably ~ phoid cell lines had several advantages in compar
change their cltomosome constitution afterayr  ison with fibroblast cultureShey not only can be
ing in cultue for a period of time{Hsu, 1979). continuously propagated without signs of reach

This fact a.0. hampered research to check tring a senescence stage; they grow fast and grow in
Boveri hypothesis of 1914, that a change in chromcsuspension and therefore are easy to handle (no
some constitution is prerequisitefor neoplasia. scraping or trypsinization required) (Hsu, 1979).

11



IMP.VAN

18-02-2002 10:30 Pagina 12 j\ﬁ

Which substance is th-elz-at?(leirg; heeditary information?
1915 - genes are arranged linearly on chromosomes gafor
1928 - genetic changes can be induced by cell-free extractsfitierif
1940 - ‘one gene - one enzyme’
1944 - biochemical evidence that DNtBansmits genetic informationAvery et al.
1950 - in DNA, number of purine bases is equal to number of pyrimidine basesgathar

1950-1955 cytometrical evidence that DN&ontents of neoplastic cells faéifs from that of normal cells - Caspersson,
Leuchtenbegeret al, Mellors, PollisterRis & Mirsky, Swift, Thomson & FrazeiZetterbeg & Eposti

1952 - genetic information is transferred by DNsone - Hershey & Chase
1953 - ‘the double helix- Watson & Crick
1961-1965 genetic code in triplets - Cricit al. - deciphering of code - Nirenkgr

NEW DEVELOPMENTS IN MOLECULAR Some restriction enzymes have a small recognition
BIOLOGY (see Cairngt al, 1966) site (with limited specificity), which implies that
they can cleave the DN#@ften, and thus produce
“During the second half of this centyrseveral many relatively small fragments. Enzymes with
independenteseach activities esulted in ppce  larger recognition sites, find less sites to cut, which
dures which, diectly or indiectly, contributed to results in less but Iger fragments. So, the resulting
the field of mammalian and human cytogenetics DNA fragments have various lengths, depending on
(Hsu, 1979).The most spectacular progress wasthe position of the cleavage sites in the original
achieved in the area of recombinant Diéahnol  duplex molecule and on the type of enzyme applied.
ogy. This technology allows the formation of new Gel electrophoresis will sort the fragments by size:
DNA molecules by the breakage and reunion osmaller fragments will migrate faster
DNA strands (Maniatigt al, 1989).As Motulsky ~ Another diference in size can arise when the
phrased it‘It is likely that we ae living in a gold  nucleotide sequence in a segment of e.g. two
en age of the biomedical sciences. The achievhomologous chromosomes féifs in such a way
ments of these scienceg éikely to be longgmem  (DNA polymorphism - happens relatively often)
bered as high points of &8tern civilization in the that one or more recognition site(s) for a given
last pat of the 20th centyt’ (Motulsky, 1986). restriction enzyme, present on one chromosome,
“Genetic engineering was born, feps to become is/are not present on the other (Restriction Frag
one of the most powerful techniques ever developiment Length Polymorphism: RFLP). Gel elec
by mankind”(De Duve, 1984). Molecular biology in trophoresis after treatment with a specific restric
combination with cytogenetics, resulted in a newtion enzyme, followed by Southern blotting
discipline: ‘molecular cytogeneticgLandegrenet  (1975) will visualize such dérences (DNAfin-
al., 1988). gerprinting). Even small diérences in fragment
Restriction endonucleasesre able to recognize size of related DNAmolecules can be readily
specific nucleotide sequences in double-strandedetected by such an analysis.
DNA, and to cleave/cut the double helix on this The resulting DNAragments possess a short; sin
‘recognition site’. gle-stranded segment on each side; these two ends
A ‘recognition’ or ‘cleavage’site is a specific are complementary and so can be fused together by
sequence of four to eight base pairs (Hamilton, 197'a DNA ligase (Lobban & Kaiser 1973). In this
Nathans, 1979; Smith, 1979). More than 406edif way, DNA fragments of dferent origin (even of
ent types of these enzymes have been isolated frcunrelated species) can be joined (if they have- orig
bacteria, which produce them as a protection frorinated from cleaving by the same restriction
foreign DNAs.Three to five of these endonucleasesenzyme): resulting in a new genome (Spiegelman,
are frequently applied for analytical purposes. 1964). These new genomes can be inserted -cova

12
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lently in suitable host cells (Campbell, 1976) bythey correctly ‘deducedhat deoxyribonucleoside
means of aector, and amplified many times by the 5'-triphosphates were most probably the activated
DNA machinery of that host celh vitro. Specific  intermediates for this synthesis (Kornipet960).
eukaryotic genes can e.g.tlenedin E. colistart  They also expected that during the inifialvitro

ing with a digest of genomic DNA. experiments, where nucleases are prevalent, the

Plasmids (Cohenet al, 1973; Helinsky 1978)  amount of DNAsynthesis would be very small, so
andcosmids(Collins & Hohn, 1978) have become hey started with a very sensitive (radio-isotope-
important classes of mobile genetic elements|abe||ed) assay

These small circular duplex DN#olecules can Incorporation of the precursors into DNAas

be used as vectors to clone DNragments, the . . L .
DNA sequence of interest being cog\]/alently linkecCnecked by measuring the radioactivity of an acid-
to the vector DNA. By cloning, multiple copies of Precipitate of the incubation mixture - DNseing
a specific DNAfragment (e.g. a gene) can be_(_JaSpreC|_p|tated3 Where_as precursor nucIeoUdes stay in
ily and rapidly produceh vitro. sol_utlor_LAn _mcubatlo_n of an extract (E‘.co_ll _bac-
Plasmids, inserted in bacteria, can replicatteria with highly radioactive deoxythymidine 5'-
autonomously of the host chromosomepresent, triphosphate, resulted in the synthesis of a few
a whole battery of such vectors or ‘translocatablipicomoles of DNA. Kornber wrote: “Although
elementsis availableTable IVshows some ‘choice the amount of nucleotide incorporated into nucleic
vectors’. acid was miniscule, it was nonetheless significant
- The discovery of restriction endonucleases haly above the level of backmgimd noise. Though
an enormous impact and facilitated DNéquene  this tiny track we tried to drive a wedge. The ham
ing tremendouslyhen several of these nucleasesmer wasenzyme purificationa technique that we
are combined, they form an indispensable o0l fonag matued during the elucidation of alcoholic
the analysis of chromosome structures (chrFoMm¢eormentation” (Stryer 1981). The enzyme they
Sorlgisrgﬁeiglggmp;prgicr)]zeiss)'of considerable impor found, is now called Polymerase |, because more
tance in medical genetics and evolutionary researcDNA p_olymerases have been discovered in the
mean time. It took a decade ofaef and one hun

- Cloning is the production of multiple copies of . . .
a specifig DNAfra?gmentin Vitro. Singe bagteria dred kilograms oE.colicells, to produce five hun

grow fast, the DNAsequence of interest can be dréd milligrams of pure enzyme (Stry@081).

reproduced in lare amounts in a relatively short Methods to fuse cells of dirent species in
period of time. culture (somatic cell hybridization - Barski et

al., 1960) andomatic cell geneticgPontecorvo,
Methods to synhesize DNA&nzymaticallyin vitro ~ 1958).
(see Kornbeg, 1980). As a result of these methods, the genetic approach
In 1955 Arthur Kornbeg et al. started investiga (so far quite successfully in bacteria and viruses)
tions for the enzyme that was responsible for thnow could be applied in highergamisms, without
synthesis of DNA. Because pathways of purinethe drawbacks of breeding experiments and longer
and pyrimidine biosynthesis lead to 5’-phosphatesgeneration times.

Table IV
Favourite Cloning ¥ctors
plasmids can contain about 01-10 kb of inserted DNA
phages 15
cosmids 40
Pls 100
BACs 100 - 200
YACS 100 - 1000
13
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- Special (conditioned) cell culture media weresomes obtained by flow sorting or by micro-
designed to select mutants from other culturemanipulation, allows generation of probe sets
cells HAT medium - Littlefield, 1964). which specifically ‘paint'one type of chromo

Polymerase Chain Reaction -a procedure to some or a part thereof.
amplify a specific sequence of DN#& vitro The method requires only small amounts of
(PCR).The method does not require to apply-cul duplex DNAthat contains (at least one copy of)
tures of living cells like bacteria. Starting from athe specific sequence of interest, a test tube
single copya DNAsegment can easily be repro (Eppendorf tube), a source for heating and cool
duced a millionfold, in order to obtain $igfent ing, a few simple reagents, among which two-syn
amounts for a moleculdniological investigation, thetic oligonucleotides to be used as primers,
e.g. demonstration of a mutation. enough of the four deoxyribonucleotide triphos

The resulting endproduct can of course also be usiphates to be incorporated in the Di@pies to be
as a probe for an situhybridization (ISH) analysis. produced, andTag (DNA) polymerase

Mullis, who invented this principle, wrote about The procedure consists in denaturation of the
the origin of his ideas'Sometimes a good idea genomic DNAsequence, annealing the synthetic
comes to you when youeanot looking for it. primers, and replication of the DNAegments
Through an impobable combination of coinci which are of interest, by extension.
dences, naiveté and lucky mistakes, suckvela After the first duplication, this procedure is repeat
tion came to me one Friday nightApril 1983 as| ed as many times as necessagch time all the
gripped the steering wheel of my car and snakeresulting DNA, serving as a template during the
along a moonlit mountairoad into Nothern Cali  next cycle. During each cycle the amount of specif
fornia’s red wood counyt That was how | stumbled ic nucleic acid will double, and since each duplica
across a pocess that could make unlimited number:tion cycle takes only a few minutes, after one hour
of copies of genes, aqgmess now known as the poly already more than a million specific copies will
merase chaingaction (PCR)"(Mullis, 1991). have been synthesized.

This PCR reaction is one of the procedures th: - Very convenient in this process is the applica
makes life much easier for molecular biologiststion of Tag polymerase, an enzyme that was
and cytogeneticists. For instance: the PCR amplextracted from the bacteriufrhermus aquaticys
fication of human DNAsequences from chromo which is present in hot springs.

TableV
Developments in molecular biology

1952 - Plasmids - Lederlie(see Broda, 1979; Cohenal, 1973)
1956 - cloning of cellin vitro - Puck methods to synthesize DWAvitro - Kornbeg
1958 - somatic cell genetics - Pontecorvo

1960 -cell fusion - Barsket al; Ephrussi &\Veiss - a human metabolic defect is demonstrated for the first time in
cultured human cells

1964 - HA medium - Littlefield
1972 - inserting genetic information into DNA SV40 - Jacksoet al.

1977 -sequencing of DNA Maxam & Gilbert; Sangeet al. - first recombinant molecule containing mammalian
DNA

1979 -restriction enzymesArber; Hamilton; Nathans; Smith - synthesis of a total gemnéro - Creaet al; Kho-
rana

1985 - Polymerase Chain Reaction - Mullis

1989 - cloning of defined segments of chromosomes obtained by micro-dissection

14
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This enzyme is stable and active at high temyper:a diploid cell was 24. Painter (1922) came to the
tures, which implies that it only needs to be adde conclusion that the number for a diploid cell was
once, at the start of the reaction procedlisg somewhere in the forties. He hesitated between 46
polymerase is now produced by genetically engiand 48:“In the clearst equatorial plates so far
neered bacteria. studied only 46 clemosomes have been found”

- Recombinant nucleic acid technology and th¢(Hsu, 1979), but becausenWiniwater - an autho
ability to clone and amplify genes e.g. in micro-rative cytologist at that time - had postulated 48,
organisms or by PCR, have been of extremPainter accepted that number as corrddtis
importance for the expansion of human geneticsremained so till 1956.
and for diagnostic purposes as well (Belgraeter Originally parafin sections were used for these
al., 1999). studies.This had the disadvantage that there was

- Since early 1960, knowledge about genetics inever certainty that the sections contained -com
general has been obtained, often for the first timeplete cells.
by studies in man. In 1921 Belling introduced the squashing method,

- Analysis of genetically determined diseases irwhich had several advantages. Due to the pressure
man has yielded important insights into the normethat is exercised, in most cases the (complete) cells
function of genes in other gainsims as well, and will be flattened, so that the material of interest
today “more is known about the general geneticcmore likely will be brought in one plane of focus.
of man than about that of any other specdeas  The flattening will also enlge the area taken by
sage, 1995). the cell which will promote spreading of the chro

mosomes.

During the nineteen thirties, the introduction of
HOW TO OBTAIN GOOD METAPHASE colchicine to tissues or cells growing in culture,
PREPARATIONS? was another improvement (Blakeslee A&ery,

1937; Levan, 1938).

As stated alreadyhe progress obtained by cyto Colchicine (an alkaloid from the bulbs of a plant
geneticists during the first half of our century wasColchicum) in growing tissues interferes with the
mainly the result of studies on plant or insect ehroformation of the mitotic spindle, and the cell is
mosomes. From theseganisms it was much eas therefore arrested at metaphase. Colchicine-treat
ier to obtain appropriate material and preparationment increased the number of mitotic cells in the
suited for microscopic studies than it was fromrpreparation under investigation and allowed the
man or other mammals. chromosomes to condense furthexducing the

The studies which were started after human-chrcnumber of overlapping chromosom&be method
mosomes had been observed in mitoses (Flerwas first applied in plant cytologiput was readily
ming, 1879) mainly'r elated to the behaviour of accepted in mammalian cytogenetics.
chromosomes rather than to their numberor The real breakthrough came in 1952. In that year
phology and elation to cell lineage'(Hsu, 1979). three independent papers announced the (re)discov
All these years, howeveit was very dificult to  ery of the efect of hypotonicity on chromosomes
produce preparations in which the chromosome(Hughes, 1952; Hsu, 1952; Makino & Nishimura,
of a metaphase could be clearly distinguished. 11952).
retrospect’...when bowsing though the litera The efect had already been observed by Eleanor
ture of the early years, we find that most of theSlifer in 1934, but then as a by-product of investi
effots on mammalian cytogenetics werally  gations on locust embryos, and so the news had
wasted” and: “One finds geat discepancies in not spread to scientists interested in human
chromosome counts of the same species, and, afimetaphase chromosomes.
comparing these numbers with data obtained b As Hsu describes his observation, it was a pure
modern methods, practically no useful informa ly serendipitous discovery (Hsu, 196A)techn
tion” (Hsu, 1979). cian who had to prepare a balanced salt solution,
Till 1920 a human metaphase could contain from :most probably misread the scale and the result had
up to 50 chromosomes - the most likely number fobeen a hypotonic solution. Not aware of this fact,
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Hsu - who had set up some cultures of materi¢ Waardenbuy in 1932 already had made a specu
obtained from therapeutic abortions - using thislation that congenital anomalies in man, like mon
‘balanced’salt solution, fixed some of the cultures golism, might be caused by chromosomal abnor
and stained them with hematoxylin. He writesmalities:“l would like to urge cytologists to cen
down, that when he started to inspect the preparsider the possibility that in mongolism lies an
tions under the microscope, he was not looking foexample of specific chmosome abeation in
anything in particularbut thought that he might be man ...penaps a chomosome deficiency thugh
able to see lymphopoiedis vitro. nondisjunction or the averse, a clumosome

But then:“l could not believe my eyes when | sawduplication” (Hsu, 1979).
some beautifully scatted chomosomes in these As Hsu statesif it were not for Jérdme Lejeurse’
cells. | did not tell anyone, took a walkoand the  discovey of a trisomic condition associated with
building, went to the coffee shop, and thermongolism, human cytogenetics wouldhably
returned to the laboratgr The beautiful climo  have died soon after the eect diploid number
somes in those splenic cukkgrwee still thee; |  was determined and the @mosomes charac
knew they wer real’ (Hsu, 1979). terized” (Hsu 1979).

There followed 3 months of checking every-fac Shortly thereaftermore chromosome aberrations
tor that might have caused the metaphases were discovered in some other well-known human
spread so miraculouslput nothing worked until disorders: a missing X chromosomeTumner syn
he changed the tonicity of the balanced salt-soltdrome (45,X0) (Forét al, 1959), an extra X ch¥o
tion, used by everyone in the lab to rinse culturemosome in Klinefelter syndrome (47,XXY)
before fixation.The miracle reappeared and the(Jacobs & Strong, 1959 - this publication also
mystery was solvedThis rediscovery was most brought the first evidence that genetic factors on the
important and still is todayecause ‘the miracle’ Y chromosomes of mammals are important in
worked on cell cultures of all species. determining male sex - de Grouchy BRurleau,

As a result of the better spreading it finally becami1984), Trisomy of chromosome 13 (Patat al,
possible to determine the exact number of chromc1960) and trisomy of 18 (Edwardsal, 1960); and
somes in a metaphase cell of healthy humans (maithe Philadelphia chromosome (Nowell & Hunger
the human diploid number proved to be 46 (Tjio &ford, 1960), which is present in bone marrow cells
Levan, 1956; Ford & Hamerton, 1956). of most patients with the disease chronic myeloid

This discovery initiated the development of med leukemia (CML) and in some acute leukemidse
ical genetics: Lejeunet al. (1959), investigating ‘Philadelphia’ (Ph1) chromosome - the name is
fibroblast cultures from biopsy tissue of threederived from the fact that is was observed for the
young Down$ syndrome patients, observed thafirst time in Philadelphia - is the product of a recip
their cell nuclei contained 47 chromosomes: therrocal translocation between a No. 22 and a No. 9
was one small chromosome extra in each of thchromosome (Janet Row|ey973).
metaphases. Originally Lejeune did not dare tc Subsequent analysis of tumour karyotypes —orig
believe that this specific trisomy was a commorinally hampered by problems - supported the early
feature in ‘al’Down’s patients, but soon his obser hypothesis of Boveri (1914), that chromosome
vation was confirmed by others, which broughtabnormalities are among the cellular changes that
him to the exclamatiorfMais c’est vrai!”. cause the transformation from normal to malignant

TableVI
How many chwmmosomes in a human diploid cell?

1890-1920 from 8 till 50 chromosomes per human metaphase, ‘bakté for a diploid cell: 24 chromosomes

1912 - 48; ‘pairing’ of chromosomes for classification purpos&®n Winiwater

1922 - diploid human metaphases contain 46/48 chromosomes - Painter

1956 - human normal diploid number of chromosomes is #ffo-& Levan; Ford & Hamerton
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proliferation. Some of these chromosomal changeMORE DETAILED INFORMA TION FROM
were found to be tumour specific, like the smallMET APHASE CHROMOSOMES AND CELL
aberrant Philadelphia chromosomes in patieniNUCLEI
with chronic myeloid leukemia are proverbial in
this respect (Nowell & Hungerford, 1960). Although methods to prepare betsmoread
human metaphase preparations igéamumbers,
Cell culture procedures forchromosome analysis now were available, it often remained an arduous
As stated alreadythe cell culture method intro task to obtain a good karyogram (especially from
duced by Harrison & Carrel is not an easy tcclinical material) in which every chromosome was
accomplish procedure, relatively expensive animpeccably identified.
connected with a number of pitfalls (De Duve, The overall staining techniques applied in those
1984). It was not practical to set up cell culturedays, at best allowed a classification of human
facilities solely for the study of chromosomes.  metaphase chromosomes in seven groups, based
So, ‘the lymphocyte (short) culture method-dis on sizes and centromere positions. Morphology-
covered by Peter Nowell (1960 - see also Moorbased recognition, especially when chromosomes
headet al, 1960) ... was one of the most timely had been altered by translocations or small-dele
and welcomed contributions to human cytogeneitions, in most cases remained very unreliable.
ics’ (Hsu, 1979)The method has no need for biop The same difculties were encountered by cyto
Sy specimens to start with, but can be performegeneticists who were working with other mammals.
with only a small quantity of peripheral blood. = Several approaches to improve this situation (a.o.
This discovery too was unexpected, because iby image analysis of chromosomes with compter
those days, peripheral blood lymphocytes werized microscopy (Hilditch & Rutovitz, 1969) and
thought to be end-products of cellularfeientia measurements of DN&ontents and DNA-based
tion, not able to undgo mitosis. Nowels cul  centromere indices (Mendelsoéal, 1966, 1969;
tures, howeverafter some days of incubation Bosmanet al, 1977) did not really é&&r much
showed a lage number of lymphoblast§Vhen relief. “If it were not for several imptant devel
investigating which factor initiated this unexpect opments made during the ydate 1960s and ear
ed phenomenon, he discovered that the phytdy 1970s, many cytogeneticistsopably would
hemagglutinin (PHA) which he had used prior tchave abandoned the field altogetlfeisu, 1979).
the culturing procedure in order to separate ery It was in these days that Caspersson from the
throcytes and leukocytes by agglutination, noKarolinska Institute in Stockholm - who had been
only facilitated the separation, but also possesseappointed as a consultant by the Childsédancer
this stimulating potential. Research Foundation in Boston - launched the fol
When Nowell submitted his manuscript to ‘Gan lowing brilliant idea.
cer Researcldne of the reviewergomments was:
“It is an inteesting obseration but of no conceiv.  Chromosome banding
able significance to scienceTwenty years, latera Caspersson, hoping for a nonrandom distribution
compilation made by ‘Current Contents/er the of base pairs along the length of the chremo
years 1954-1974, showed that this paper (196(somes, suggested to try to induce specifitedif
had become the most widely cited paper in theential staining patterns of parts of metaphase-chro
Journal during those years (Hsu, 1979). mosomes.

TableVIl
How to obtain good metaphasesparations?

1952 - hypotonic salt solution (rediscovered) - Hsu
1956 - colchicine - introduced for mammalsTjio & Levan

1960 - cell culture methods for peripheral blood lymphocytes using phytohemagglutinin - Nowell
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If the distribution of base pairs along chromo cytogenetics to become obsolete almost overnight”
somes would be nonrandom, theoretically ther(Hsu, 1979).

could exist guanine-cytosine-rich (GC-rich) areas The method also was very important to chremo
and adenine-thymine-rich TAich) areas over the some studies in the laboratory molvies musculus
length of metaphase chromosomafhen fluorese One detail difered from Casperssan’original

ing compounds could be attached chemically to ajjeq. He had suspected that the GC-rich zones
alkylating agent that will crosslink guanines of the,;o,1d become the bright zones. Howearalysis
DNA, the fluorophore would give stronger fluores o the composition of bright and dim fluorescing

Cﬁ?ﬁ? emlisgn In GC'r:Sh area? thar:\Tmch.  chromosome parts led to the conclusion that bright
IS WOrked, one could expect a Chromosome e isqion occurs in thsT-rich DNA. It is apparent

show diferential fluorescence along its length into . .
bright and dim zone#\nd if this proved to be the Iy_ not 'ghe alkylating mustard moiety of Q.M that
gives rise to the stronger fluorescence, siee

case, one should be able tofeliéntiate chromo b ) ine dihvdrochloride) that d ¢
somes of similar gross morphologny their (hope  Prin (quinacrine dihydrochloride) that does not-con
tain an alkylating agent, gives exactly the same flu

fully differing) fluorescence patterns.
Ed Modest, an ganic chemist at the Children’ Orescence pattern (Pearsral, 1970). It appears

Cancer Foundation, synthesized quinacrine -mu:hatAtebrin has no preferential chemicafiity

rations in Stockholm by Lore Zeet al, (Caspers ~ Yield depends Igely on the base composition.
sonet al, 1968, 1969, 1970). Soon therafter several other banding techniques

It worked: Metaphase chromosome#/afia, Scit  were developed, of which the Giemsa-induced G
la, and man, showed thfential fluorescence along banding and the R (or reverse) banding are most
each chromosome. widely used (Arrighi & Hsu, 1971; Drets & Shaw

When finally the experimental details had been dis1971; Dutrillaux & Lejeune, 1971; Eibgr1974,
closed, numerous problems so far unresolved couPatil et al, 1971; Seabright, 1971; Sumredral,
be solved, and:The resulting advance caused the 1971; Latt, 1973 and others - for a survey see
till then existing knowledge in the field of humanSumner (1982).

Figs. 1/6 -1) FISH on fibers of a tetraploid nucleus, with a probe specific for the centromere region of chromosome 17, visu
alises parts of four DNAbers in green.

(by kind permission of JViegant)

2) - FISH resolution in DNAibers.

Five tagets on a DNAiber were visualized with five single copy thyroglobulin plasmids producing alternately a red or a green
signal.The signals of the two neigbouringdats at right (respectively 1.8 and 2.7 kb) are visually resolved because the degree
of (de)condensation in the fibers is such, that only 1 kb of BN#&esent per 0.34m of fiber This follows from digital imag

ing and analysis experimants, which showed that the midpoint-to-midpoint distance of those neighbouring hybridization signals
is 0.74 +/- 0.16.m (n=65) for 2.25 kb of DNAO.5 x [1.8+2.7] kb), or 1 kb per 0.38n of fiber

(see Florijnet al, 1995 for more details. Reproduced by kind permission of the Oxford University Press - Human Molecular
GeneticsVol. 5, 831-836, 1995, “High-resolution DNifber-FISH for genomic DNAmapping and colour baoding of lage

genes” Florijn R.J., den Dunnen J.Tanke H.J., van Ommen G.J.B., R#af., figure 2 only).

3) - Indirect visualization of mRNA&oding for a ovulation hormone (CDCH) in caudodorsal cells/ofnaea stagnalisy FISH

with oligonucleotide CDCH-1 3bio)n. Hybrids were detected withT&ITC-avidin conjugate; DAPI (blue fluorescence) was
used as a general DNgdunterstain.

(see Dirkset al, 1990 for more details)

4) - Sensitivity of FibeiFISH: a biotinylated PCR fragment of 202 bp(red) from a DMD exon, was co-hybridized with-its cog
nate 40 kb cosmid (green), on a DiiBer preparation.

(see Florijnet al, 1996 for more details)

5) - A (single copy) 2.8 kb fragment of the human thyroglobulin gene visualized by FISH in metaphase chromosomes of two
metaphases.

(by kind permission of JViegant)

6) - Bi-colour FISH onAstrocytoma cell nuclei visualizes an extra chromosome 7 centromere in red, and the loss of-one chro
mosome 10 (centromere) in ‘green’. Counterstaining with DAPI visualizes theddtha cell nuclei; triple-exposure micropho
tograph.

(seeArnolduset al, 1991 for more details)
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This type of staining allowed identification of all bands is equal over the whole genome, a band con
individual (normal) chromosomes. It also enablectains approximately 3 x 1®ase pairs (3,000 kbp)
to identify numerical and relatively ige structur  or 100 genes. From molecular and cytogenetic
al chromosome aberrations in fresh or short terrpoints of view these are enormous numbers.-Fur
culture preparations of tumour material, includingthermore, none of the banding techniques is-capa
homogeneous staining regions (HSRs) and smeble of providing specific information about the
extrachromsomal elements (double minutes). Onnucleotide sequence of the Dyesent in an indli
of the early results of the banding procedures wevidual chromosome band.
the possibility to distinguish between the chremo In situ hybridization procedures (to be discussed
somes No. 21 and No. 22lso the fact that in hereafter) visualize strands of nucleic acids with a
CML, the Philadelphia (Phl) chromosome is nospecific sequencé@bove this, their physical reselv
just a terminal deletion of chromosome 22, but thiing power is at least a hundred times better than the
result of a reciprocal translocation between a-<chrcchromosome banding procedures.
mosome 22 and a chromosome 9 was detectt
(Rowley, 1973) by analysing banded metaphasein situ hybridization
(not detectable with the - at that time - ‘standard In situhybridization (ISH) is a cytochemical pro
karyotyping procedure). cedure that allows the sensitive detection and

The breakpoints are in 9934 and in 22gth the  |ocalization of specific nucleic acid sequences in
Ph1 chromosome, theer gene of chromosome 22 morphologically preserved biological structures
has fused with thabl gene coming from chromo (directly in microscopical preparations).
some 9.The resulting fusion gene is responsible |t was developed in the same year (1969) as was
for the production of a protein with a high tyrosi the first chromosome banding techniqughis
nase activity that causes uncontrolled cell divisiolprocedure is based on the specific annealing pos
and tumour growthWith anin situ hybridization  sibilities of two complementary nucleic acid
procedure (see hereafter), applying a cosmid protsequences, which is one of the important reaction
specific for theabl gen, in combination with a principles in molecular genetics. Shortly after the
probe for thebcr target, with diferent fluorescent discovery that RNAmolecules can anneal with
labels, the translocation can be visualized in botcomplementary sequences in DiAform DNA-
metaphases and interphase nuclei (Fig. 13). RNA hybrids, biologists started to consider the

A limitation of the banding procedures is e possibility of DNA-RNA hybridization in cyte
lution, which is insuficient to allow detection of |ogical preparations.
more detailed chromosome changes like aberratiol In this cytochemical procedure, one distinguishes
which involve chromosome fragments smaller thaithe target’ which is the sequence that is to be
the size of one band. localized in the cell or chromosome preparation

The haploid human genome is 3 X tise pairs; it and the probe which is a specific complementary
is thought to contain approximately 100,000 strucsequence, that has been labelled withegorter’
tural genes. By QM or G banding, 500-1000 bandgroup or molecule, to visualize the probegtar
can be obtained and recognized at best (this numkhybrid.
is smaller in cancer cytogenetics, where the qualit During the first decade, the probes were labelled
of the mitoses is less optimafissuming that size with radio-isotopesThe experimental procedures
and the degree of condensation of chromosomrwere relatively hazardous, slpwnd resulted in

Table VIl
How to obtain mae detailed information &ém (pio)metaphase pparations?

1969 - chromosome banding - Caspersson & Zech; Seabright; Pearson; Sumner; Dutrillaux; and others
1969 -in situ hybridization
1973 - BrdU incorporation, sister chromatid exchanges - Latt
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Table IX
Early publications on (radio-isotope-labelleit) situ hybridization

1969 - Gall & Pardue; Buorngiorno-Nardelli&mnaldi; John, Birnstiel & Jones
1981 - Harper & Saunders - detection of unique sequences

labelled tagets/hybrids, which - after autoradiog Major advantages of fluorescende situ
raphy - could be observed with a relatively goochybridization (FISH) over bright-field procedures
sensitivity but with limited spatial resolution. are the facts that fluorescence in general can be
The introduction ofluor escenceén situhybridiza  detected with higher sensitivity and resolution,
tion has significantly changed the interest for ISFand that there are more fluorophores to identify
and led to the rapid development of sensitive; spesimultaneously individual tget-probe combina
cific, multicolour FISH, which very fast has becometions. Furthermore, a fluorescent banding proce
a widespread and diversely applied technology idure (e.g. with DAPI) can be used to recognize the

both biology and cytogenetics. individual chromosomes (Lichteet al, 1990;
_ _ Lengauert al, 1993; Muelleret al, 1996).
Non-radioactive ISH The advantage of the probe-labelling with an-ally

After initial application of anti-RNA.DNAant-  |amine derivative of (d)UTRe.g. biotin-dUTP),
bodies to detect tget-probe hybrids, probes with jntroduced by the group aNard (Langeret al,
broader application potentials were independent 1981) was its compatibility with enzymatic prece
introduced by the groups of Pieter van Duijn antqyres, which also were applied in nucleic acid
that of DavidWard, applying respectively 3'-end |gphe|ling formats for well-established radioactive
chemically labelling of RNAprobes and biotin- ypyigization procedureghis fact has contributed
labelling by application of enzymatic procedures gjgnisicantly to the relatively fast acceptance of

Both procedures have the inherent advantage thyhis method of probe production for non-radioac
more than one tget sequence can be wsuahzedtive ISH

simultaneously in the same preparation. Non-radioactive ISH has particularly benefitted

dﬁ?ésnotr\]/\-/gao'l[loaecstlvgp z'turgé?:ﬁg'szagfg gir;’g:mefrom methods to couple/conjugate nucleotides
' yp PP with a label in such a way that the modified

according to (their) probe modifications. For the : . : .
. . o -nucleotides still could be incorporated into DNA
directdetection methods, the nucleic acid probe FBNA. The first of such methods - rather soon

modified with a reporter molecule that is directly . I h . . £ biofi

detectable after hybridizatioAmong others, Fhu W'd?y tz_;\dcce%t_ed - Wtaslt leg(é(ir;Jugatlon of biotin to
: : : nucleotides (Langest al, :

orescein, Rhodamine, Cyanin ahiéxa dyes, are Rigbyet al.(1977) had introduced nick translation

optimal for such procedures. it ah f h dified d
In the indir ect methods, the probe is haptenizedW!th @ hapten, or fluorophore-moditied deoxynu
cleoside triphosphates for probes present in

(with biotin, digoxigenin, fluorescein, etc.), which ’ : S
allows the detection of the probegat hybrid with amounts of at Ieas_st micrograms. Nick-translation is
a subsequent immunocytochemical reaction (possStill the most widely used method for probe
bly followed by amplification of the signal). For labelling. Random priming (Feinlge& Vogelstein,
both approaches, probes can be labelled, applyir1984) is a procedure that is less commonly applied
either enzymatic or chemical methodssualiza ~ for smaller quantities of smaller fragments. In later
tion of the endproduct can be obtained by use cyears Boehringer introduced digoxigenin as a hap
fluorophores, colloidal gold, or by deposition of ten (Kessler1990). _ _ .
endproducts of chromogenic enzyme- (Mulliek - The polymerase chain reaction procedure is
al., 1989) or immunocytochemical procedures. ~ particularly useful for more complex probes such
A recently developed signal amplification prece as flow-sorted chromosomes or somatic cell
dure in which enzyme cytochemistry is combinechybrids. It is able to generate gar amounts of
with immunofluorescent visualization (Raepal, probe and needs very small amounts of source
1995) is discussed hereafter DNA to start with.There is also the possibility to
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produce haptenized probes, by application of on c) detection of numerical and structural chremo
or more haptenized nucleotides for the amplificasome aberrations:
tion procedure (Boehringet995). d) analysis of archival material.

- Due to the fact that lger insert clones usually Oligonucleotide probes, applied directly for
contain repeat sequences, their application initiall hybridization to DNA or RNA, are usually
was hampered by high ‘backgroursifjnals. Lan  |abelled either by the use of modified bases during
degentet al. (1987) solved this problem by intro synthesis, or by end-labelling.
duction ofin situ suppression hybridization, satu  They are also used in PRiméd Situ (PRINS)
rating the repetitive sequences of the probe durinjabelling procedures (Kochet al, 1991).

a pre-incubation with Cot-1 DNA. Hybridization to the tayet is first achieved with a

- Recombinant (nucleic acid) technology and th¢specific unlabelled oligonucleotide, which is then
ability to clone and amplify DNAsequences in ysed to prime chain elongation by a polymerase
micro-olganisms has provided rich sources 01(f0r DNA) or a reverse transcriptase (for RNA).
probes for FISH. Chromogenic cytochemical enzyme deposits as

- FISH karyotyping with ‘whole chromosome’ onqproducts of ISH are mainly used for clinical
probes, is successfully applied to elucidate €O gpplications (Nettert al, 1996).

plex chromosome rearrangements (Speiehait,
1996A, 1996B; Schrockt al, 1996;Tankeet al,
1999). Such cytogenetic investigations are also ¢
great value for clinical cytogenetics (Rowlesge
Veldmanet al, 1997).

- FISH can contribute to positional cloning of ble h hich 1abl
onco- and tumour suppressor genes because 'aP'€ UOropnores which are avaiapole.

allows rapid mapping of disease regions delineate. By mixing 'pro_bes (V‘.'h'Ch are defrently labelled)

by genetic markers and cytogenetic observations. @ hybridization mixture, more than onegelr

~ Next to the flow-sorted ‘whole chromosome’ €0 be visualized simultaneousfgrovided that
probes, more and more painting probes for subrdnybridization conditions like e.g. stringenayill
gions of chromosomes are obtained by amph’ficamatc_h- _ S o N
tion of micro-dissected material. Forin situhybridization, originally each specific

- Probes that recognize (sub)telomeric regions ¢Probe was haptenized or labelled to carry one type
particular chromosomes are applied in multicolou Of fluorophore in the resulting endproduct.

FISH approaches to detect cryptic translocation Nederlofet al. (1989B) introduced the simutta
that frequently occur in patients with mental retar neousin situ detection of three tgets in one
dation (Ninget al, 1996). preparationThree individual chromosome-specif

- Important features of the non-radoactinesitu  ic probes were labelled to result in green(FITC),
hybridization procedures are the possibility of:  red(TRITC) and blue(AMCA- Khalfan et al,

a) metaphase and interphase cytogenetics; 1986) images in the preparatioftith these three

b) unambiguous identification of marker chromo fluorophores, it is also possible to visualize seven
somes; targets simultaneouslin situ, when three probes

Multicolour FISH procedures

The number of taget sequences that can be
detected simultaneously by a multicolour FISH, is
mainly limited by the number of spectrally sepa

Table X
Early appioaches in non-radioactive in situ hybridization

1977 - Rudkin & Stollar: anti-RNA.DNAntibodies as specific detection reagents
1980 - Baumanyiegant & van Duijn: RNAprobes 3’-labelled with a fluorophore
1981 -Wardet al: biotin-labelled probes (Langet al)

1986 - Pinkekt al: FITC-conjugated avidin

1987 - Landegerdt al: in situsuppression hybridization
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are each labelled with one fluorophore, three wittmeasurements through fluorochrome-specific fil
combinations of two, and one probe with three flu ters, but combined Fourier spectrosgoglyage-
orophores (Nederlokt al, 1990). This type of coupled device imaging, and optical microscopy
labelling is calleccombinatorial labelling. to measure emission spectra, simultaneously in
Shortly thereafter real multicolour FISH detectionevery pixel of the sampl&his allowed the appli
could be obtained by using fiifentratios of two  cation of spectrally overlapping probes, obtained
or more fluorophorestio-labelling) to label the by labelling chromosome-specific composite
individual probes (Nederlokt al, 1992). The libraries with nucleotides conjugated to Seliént
resulting fluorescence hybridization signals were¢fluorophores or combinations thereof. Fourier
analysed using an epi-fluorescence microscogtransformation was used to resolve the spectrally
equipped with a multi-wavelength illuminator and overlapping emissions, allowing to identify all
a cooled CCD camera for digital imaginghe individual (human) chromosomes.
analysis is performed on basis of thefatiént COBRA - Tankeet al. (1999). The most recent
colour intensity ratios and not on colour composi extension in the field of multicolour FISH (at
tion aloneThe ISH results can then be displayed athis moment) is theCOmbined Binary RAtio
pseudo-colours on a monitdrhis ratio-labelling labelling.
has great potentials. Dauwerss al. (1992) In the COBRAapproach, ratio-labelling is cem
obtained twelve colours for a ‘molecular kary bined with combinatorial labelling. In this way five
otype’, using chromosome libraries labelled withfluorophores siice to recognize simultaneously
combinations of three fluorophores in fdient 48 different taget sequences in metaphase spreads.
ratios.Yet, till now, most often only binary combi  The method can be performed with existing tech
nations of fluorophores have been applied tnology and requires, apart from accurate measure
enhance the number of difent fluorescent signal ment facilities for fluorescence intensities, no
that can be detected simultaneouBlgtio-labelling  major investment in microscope hardware other
was used far less. than a good digital fluorescence microscope and a
In principle, more (dierent) fluorescence signals CCD camera.
can be obtained by use of more fluorophores Figure 7 shows the principle of COBRAhree
When combinatorial labelling is applied, the rum fluorophores are applied in pairs for ratio-labelling
ber of distinguishable emissionyg[for [K] differ-  a set of twelve chromosome painting prob&s.

ent fluorophores, is: second set of twelve probes is labelled identically
but also receives a binary label with the fourth flu
n=2-1 orophore. In this way the number of specific emis

sions is doubled and becomes 24. Introduction of
The combinatorial FISH approach has beelanother independent binary label by use of a sec
developed during the nineteen nineties to the poirond hapten, will again double the number of dis
that the 24 (dierent) human chromosomes can betinguishable ‘coloursup to 48 (Fig. 8).
differentiated on basis of FISH color combinations Two strategies have been demonstrated to be

of five fluorophores. applicable in the COBRApproach. For the first,
Two imaging principles have been applied forprobes were enzymatically labelled with Flueres
these approaches. cein, Lissamine and Cy5 as primary fluorophores.

Multi-FISH (M-FISH) - Speicheet al.(1996A, The blue fluorescing diethylaminocoumarin
1996B), using chromosome painting probes(DEAC) was applied as the combinatorial fourth
achieved their results by applying optimized-nar label to demonstrate incorporated digoxigenin.
row band pasfilters (typically 5 to 15 nm band  The principle was also tested using chemical
width) to minimize the chance of spectral overlaglabelling. Twelve painting probes were labelled by
and undesirable cross talk between optical deteULS (Universal Linkage System), with DEAC,
tion channels. Cy3 and Cy5 as primary labelEhe second set,

Spectral Karyotyping (SKY) - Schrocket al.  being labelled similarlycontained also a digoxi
(1996) used a diérent approaciThey did not dis  genin-ULS label, that was stained indirectly with
criminate the ‘colourson basis of single intensity fluorescein.
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Table XI
Early publications on Bi- and Multicolour FISH

1986B -Bi-colour detection - Hopmaet al.

1989B -Three-colour FISH; introducingMCA - Nederlofet al.

1990 - Combinatorial labelling - Nederladt al.

1991 - Multiple simultaneous RNAletection - Dirkset al.

1992 - Fluorescence ratio measurements - Nedet afl.

1992 - A molecular karyotype with ratio-labelled probes - Dauwetsa.

1992 - Fiber FISH -Wiegantet al; Heiskaneret al, 1995

1993 - Bar-coding of chromosomes - Lengawtral,; Wiegantet al, Mueller et al. (1996)

1996A- Combinatorial multi-FISH (M-FISH): painting all human chromosomes simultaneously - SpeiahdetW
al., 27 tagets simultaneously with 5 fluorophores

1996 - Spectral karyotyping (SKY): all human chromosomes simultaneously - SchroclketRied
1999 - COBRA: 48 diferent simultaneous fluorescence signals with 5 fluorophofaekeet al.

Interphase cytogenetics with FISH powerful potentials for biological and clinical appli
One of the attractive features of FISH procedurescations, especially when a relatively small number
next to their high sensitivity and the fact that-sev of aberrant cells has to be identified in géarcell
eral tagets can be detected simultaneously in th population.
same preparation, is the fact that FISH also ca Tumour cells often show numerical and/or struc
provide cytogenetic information when performedtural chromosomal aberrations (Fig. Bhe types
on interphase nuclei. of aberrations mayin some cases, provide infor
In situ hybridization on interphase cell nuclei mation about the changes which initiated the
(‘Interphase CytogeneticsCremeret al, 1986) has tumour Such aberrations may also correlate with

Figs. 7/10 - 7} Principle of COBRAThe primary set of 12 ratio colours is doubled each time an independent binary label is
introduced, resulting in 24 colours after one hapten, and in 48 colours for two haptens.

(seeTankeet al, 1999 for more details - Reproduced by kind permission of Stockton Press - European Journal of Human Genet
ics, Vol. 7, 2-11, 1999, “COBRAcombinatorial binary ratio labelling: new strategy for multi-colour fluorescemcsitu
hybridization: COBRAcombined binary ratio labellingranke H.J.Wiegant J., van Gijlswijk R.®1., Bezrookové/., Pattenier

H., Heetebrij R.J.Talman, E.G., Raap\.K., Vrolijk H., scheme of COBRA).

8) - 8A - Karyotype after FISH with 12 ratio-labeled probesfd@#ntiation between e.g. chromosomes 3 and 5 is not yet possi
ble. 8B -The same metaphase after the first combinatorial staining: the pair of chromosomes 3 deerliratifi that of 5.
(seeTankeet al, 1999 for more details)

9) - Cytomegalo virus (CMV)-infected cell in a microscopic preparation made from liquor cerebrospinalis. ¢Zadted with

ISH and Peroxidase-DAB visualization. Other cells visualized with interference microscopy

(by kind permission of Frank van de Bgr

10) - HCMV-IE mRNA detection in cycloheximide-treated rat 9G celithen rat 9G cells are hybridized with digoxigenin-
labelled pSS plasmid probe, the results subsequently being visualized with conventional immunocytoctiertit@iy\ IE
integration sites are visible in each nucleus as a bright fluorescent spot, while filnBif¢8cent signals are present in the €yto
plasm of about 30% of the cells.

Conventionally visualized hybridization of pSS plasmid (green fluorescence - 10A) and a single HRP-ODN procedure detected
by one DNP-tyramide and rat anti-DNP-Rhodamine Red (red fluorescence - 10B) reveals co-localization of tiierénd dif
probes (double exposure - 10C).

(see van de Corpet al, 1998Afor more details - Reproduced by kind permission of Sprilgelag - Histochemistry and Cell
Biology, Vol. 110, 431-437, 1998, “Fluorescenie situ hybridization using horse-radish peroxidase labelled oligodeexynu
cleotides and tyramide signal amplification for sensitive XA mRNAdetection” van de Corput M@., Dirks R.W, van Gijt

swijk R.RPM., van de Rijke M., RaapA.K., Figure 3c, d and e).
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the evolution of the tumour and have prognostic Contrary to chromosome banding procedures,
value, in which case the results of the analysis ceéFISH has the advantage that it can also be applied
be applied to determine clinical protocdlhere  on interphase nuclei, and DNA-fiber preparations
fore, much dbrt has been invested in the cytege (see hereafter).

netic investigation of metaphases obtained fron When originally scientists tried to convince
malignant material. _ cytologists and pathologists that FISH on inter
For solid tumours, 'howev,elseveral disadvan phase nuclei would provide a good diagnostic
tages hamper analysis of metaphase chromosontgg|, a Iot of discussion and investigation was

(Teyssier 1989). Karyotyping of solid tumors is started to control the reliability of the results. (“Is
difficult due to the fact that the mitotic index of 5pe instead of two signals in an interphase Rucle

most tumours is loywhich implies that in order to ;5 " the result of a monosopy is it a failure in

obtain enough metaphases, extensive culturing ¢ procedure?” At this moment, nobody doubts

often necessaryCulturing of such material may ¢ interphase cytogenetics has quite some advan
lead to selective (over)growth by subpopulations 0,404 in cases of e.g. minimal residual disease and
cells among which might be non-neoplastic ceIIsfor studies on solid tumours

uMn?rt?O;/ﬁer 'CEIE,[‘SJ% dep%%ﬂggrgniggf c#]lgureinrgﬁgé “The feasibility of evaluating individual inter
changes in kar otg ep such as tetra Ioidi;/ation S'phase cells opens the way to detect and quantitate
9 YOype, P - ~,aberant cell populations. The potential clinical

it can be that the karyotypes of the cultured cells da lications ae the detection of minimagsidual
not reflect the original chromosome compositiord!Op nd earheta ntitative interh
(seeArnolduset al, 1991; and Heinet al, 1989). isease and earletapse. Quantitative interphase

Furthermore, metaphase spreads from soliCYl09enetics can alsoquide moe insight into the
tumours are often of inferior qualitgonsisting of ~€volution of tumour clones, and thus into the-bio
fuzzy chromosomes with poor banding patterns/09ic significance of the genetic abations. This
which make correct karyotyping extremelyfidiiit. 1S €Specially appant if these clones can be iden

Checking for chromosomal aberrations in solictified immunopathologically(Kibbelaay 1994).
tumours was also tried by measuring the DNA One should keep in mind that an situ
contents of cells in suspension by flow Cytomemhybrldlza'uon only can provide information about
(Grayet al, 1975;Trasket al, 1990). Because of the presence or absence of (that part of) thyetar
the relative fast and representative results, marsequence, that can be discovered by the probe.
investigators and clinicians had high expectationWhen FISH with acentromere-specific probe
and have worked at this form of analygisdraw-  gives negative results, the conclusion that the
back of the method is the ‘limited cytogenetic-senwhole chromosomeis missing, is not justified. In
sitivity’: the loss of one complete chromosome,order to allow such a conclusion, a chromosome-
often is too small a diérence to be detected (Gor specific library probe (that will detect each part of
nelisse &Tanke, 1991). Furthermore, when two that chromosome if present) should be applied.
nuclei possess the same DN#éntent, it does not Interphase cytogenetics can best be applied when
necessarily imply that the same chromosome-cona priori information is present about the optimal
plement is present in the two cells. probe type and size.

Table Xl
Early publications on Interphase cytogenetics

1986 - radioactive & non-radioactive ISH - Crereeal. - coined the term ‘interphase cytogenetics’
1988 - on solid bladder tumours - Hoprretral.

1989A- on bone marrow & colon tumor derived cell lines - Nedegtadl.

1989 - on pardin-embedded sections - Emmeriehal.

1989 - on cerebellumArnolduset al.
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Fiber-FISH for genomic mapping To improve and facilitate possibilities for physi
Multicolour-FISH procedures have been applieccal mapping of DNAlones in microscopic prepa

for physical DNAmapping and orderinvhen cor  rations, recently several other approaches have
sidering physical DNAmapping experiments, one been developed (Raap, 1998).

has to realize that the spatial resolution in metapha Wiegantet al.(1992) submitted fibroblasts, grown
chromosomes (as a consequence of the highon microscopic slides, to a mild nuclear extraction
‘coiled’ nature of these entities) in terms of DA - adapted from the halo-procedure developed by
restricted to about 3 Mb. Regional localization carVogelstein c.s. (1980) - with degent, highsalt,

be achieved either by combiniimy situ hybridiza  and an intercalating dye treatment and-ig¥it. In

tion with chromosome banding methodaK@hashi  this way they obtained highly extended Di&ps

et al, 1990:Wiegantet al, 1991) or fractional length arranged around the nuclear matrices (Fig. 1): Sev
mesurements (Lichtet al, 1990). eral other approaches which result in similar decon

In interphase nuclei, the more relaxed condens:densation of the chromatin, have been published

tion state of the chromatin allows a spatial resolusince then, like that of Parra @/indle (1993),
tion between 100 kb and 1 MbréBket al, 1991; applying SDS extraction on mammalian cells to
Florijn et al, 1995), but even then DNgequences ot_)taln naked DNAfibers immobilized on glass
which are closer than 100 kb on the physical maySlides, and that of Haaf @ard (1994).

can not be recognized as two separate, individue. 1€ 100ps consist of stretches of naked DiN&t
spots in a FISH-stained preparation. is in such a relaxed state that a resolution of 1 kb

The spatial resolution of a light microscopeP€r 0-3Hm in practice is achieved. Linear (or near
(depending on the magnification and numericalinear) stretches (with minimal breakage) of sever

o ; ; : | hundreds of kilobases up to over 1 Mb of intact
aperture of the objective applied) is theoretlcaII)a : . -
limited to 0.2-0.3um in the field of focus. In Giem genomic DNAcan be easily produced at Beient

density even from small numbers of cells.
sa-banded metaphase chromosomegd.8orre - . .
sponds with the size of a smaller chromosomOﬁlg;{lrﬁfbag'r(slg%h) Eﬁ;i:{%itgfs\'lgnﬁg %tl;tgbr;ed
band, which in terms of DN#s still about 3 Mb. y ny g

: ing tagets (with two repeat-free single copy plas
ggifrr;gth of 1 kb of relaxed/linear DNAeasures mids) of which the sizes (determined by restriction

For resolutions in the order of 50 to 1000 Ky G analysis) were respectively 1.8 and 2.7 kb (Fig. 2).

. h lei of fibrobl h b f The midpoint-to-midpoint distance between the
interphase nuclel of fibroblasts have been applie g1 (determined by digital image analysis) was
successfully (Lawrencet al, 1990; Trask et al, 1 aasured (n=65) to be 0.74 +/- 04 for the

1989 & 1990).The order of DNAtargets can be 5 o5 kh (half of the 1.8 + 2.7 kb), which comes to
derived by performing distance measurements in o 33,m/kb. These results show that the theoretical
number of nucleiWith multicolour FISH, DNA  asolution of 1 kb was obtained in practice.

sequences with the appropriate physical distanc The |ower sensitivity limit of FibeFISH is
may sometimes also be ordered directly under trapout 200 bp (Fig. 4).
fluorescence microscope, provided it is equippe: FiperFISH in combination with digital imaging
with a hlgh transmission double band-pass filter SEmicroscopy enables DNmappmg ina range of 1to
for perfect geometric registration of the colour500 kb, thus connecting and overlapping interphase
images. Furthermore, there must not exist a specifFISH mapping, conventional, and pulsed-field gel
chromatin configuration in the region of interestelectrophoresisThis approach contributes to the
(den Dunnemrt al, 1992; van den Engtt al, 1992).  resolution of gap sizing problems which are irher
In one of the approaches used to obtain high¢ent to restriction mapping of regions that are only
genomic resolution, pronuclei of human sperm arpartly covered by cosmid clones, as is often the case
introduced into hamster oocytes, resulting in ehroin genomic contig buildingThe potential of this
matin decondensation (Brandrit al, 1991).This  approach for direct genomic DNAapping and for
methodology however is laborious, requires very the identification of gene rearrangements is clearly
specific expertise, and often results in only a fevdemonstrated in the publication of Florigt al.
useful cells per fusion experiment. (1995). These authors describe the high-resolution
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mapping of deletions in two patients with Duchennetextensive cross-linking by the fixative, however
muscular dystrophy (DMD). First, the order of awill decrease the accessibility ofgat sequences by
twelve cosmid contig isolated fromY&AC containr  the probe and detection systems.
ing part of the DMD gene @&C yDMD4) was Based on the fact that some RN®lecules pos
determined by two-colour Fib&ISH with various  sess self-splicing properties, RM#olecules have
combinations of 2 or 3 cosmids, interpreting thebeen believed to have been the earliest complex
results directly under the microscope. bio-omganic molecules on earth, with a primary
Then, by use of three subsets of 5 to 7 cosmicrole in information processing (Darnell & Doelit
(spanning the full 400 kb of the contig), quantita tle, 1986).The role of RNAas a basic carrier of
tive length determinations were performed by dig genetic information would have been taken over
ital imaging microscopyThe deletion breakpoints by DNA during evolution.There exist several
could be identified by comparison of patients’types of RNAmolecules, of which the messenger
imaged fibetFISH tracks with those of a control. RNAs are important because they are involved in
In this way accurate measurements of the deletioithe translation of genetic information.
sizes in the patientshaterial could be performed. The participation of RNAn protein synthesis was
The authors estimate, that with this approach, already suspected in 1940 by Caspersson when
will be possible to identify deletions or short rangecytometrical analysis of unstained cells (UV
duplications of 5 to 10 kb. absorbance by all nucleic acids at 260 nm) and
They also state that ‘in the hands of a person witsubsequent Feulgen-Sdhstaining to distinguish
reasonable experience in both techniques, Fibethe DNA, revealed that most of the RiApresent
FISH mapping is far less labeuntensive than in the cytoplasm, whereas all DNphoved to be in
restriction analysis’. Other interesting examples othe nucleus. Biochemical analysis by Brachet on a
FiberFISH mapping are presented by a.o. Heiskanuclear and a cytoplasmic fraction obtained from
nenet al.(1995); Klockarset al.(1996) and Lestou cells, led to the same conclusion. Brachet also
et al. (1996). showed that cytoplasmic RNi& located in small
particles, the ribosomes, which were demonstrated
Detection of specific messengd®NAs by use of to be the sites of protein synthedike concept of
FISH MRNA was formulated by Jacob & Monod in a
Correct and optimah situ detection of mMRNAs ‘classic’paper published in 1961 (Jacob & Monod,
requires - even more than DNWbridization - the  1961; Stryer1981). In eukaryotic cells, messenger
establishment of optimal conditions for fixation, RNA is synthesized in the nucleus, is processed,
pre-hybridization incubations, and hybridization.and will be transported then to the cytoplasm,
Because most of these nucleic acid molecules awhere it serves as a template for protein synthesis.
easily degraded by RNases and because they ‘rac During the past decades, cytochemical proce
ate freely’from gene to cytoplasm, extra preeau dures have been developed to visualize biomole
tions are necessary to allow correct localization ccules involved in the pathway from gene to-pro
MRNAs (Dirkset al, 1995). tein, which resulted in a better understanding of
Fixation of the specimen is necessary to retain (cthe interactions between these biomolecules in a
much as possible of) the cellular RMAd to main  structural context.
tain tissue and cell morphology throughout the Among the cytochemical methods to demonstrate
hybridization and visualization procedurékbo RNA in morphologically preserved biological
material, the methyl green-pyronivi staining
method (Rothbartlet al, 1976) and the acridine
orange method are ‘specifidhese methods, hew
ever do not allow to discriminate betweenfeient
types of mMRNA. Gene expression is often studied
- Detection sensitivity : 02-1kb by use of antibodies specifically raised against the
- Resolution in DNAfibers : 1 kb protein that is encoded by the expressing gene.
Because most often, antibodies specific for dif
ferent types of mRNAre not available, and pro

Table XIII
Current status of FISH

- Multiplicity : 48 ‘colours’/tagets
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tein levels do not necessarily reflect the transcrip The analysis of gene dynamics necessitates the
tional activity of cells, ISH procedures are morelocalization of nuclear components in space and
frequently applied to study gene expression. time within the three-dimensional context of the
These procedures also allow simultaneous {oca(living) cell nucleus (Robinett et al, 1996;
ization of diferent types of RNAt the individual Tvaruskéet al, 1999). Proteins can be labelled
cell level. with an autofluorescent protein (like green fluo
Originally, localization of mMRNAs by use of non- rescent protein) by means of molecular cloning
radioactivein situhybridization could only be per (Marshallet al, 1997; Misteliet al, 1998) or anti
formed with a limited sensitivityDuring the last bodies (Buchenaet al, 1997).With this proce
decade RNAN situ hybridization procedures have dure also single chromosome loci or artificially
been optimized, e.g. on models like the neurepefintroduced subregions can be visualized, by
tidergic systems of the pond snaymnaea stag detecting _the proteins which bind to s_pecific loci
nalis and a rat cell line that was transfected wittOr subregionsThe group of Cremer (Zinkt al,
human cytomegalovirus immediate early antige11998A, 1998B - see also Mandezs al, 1999)
DNA (Dirks et al, 1989, 1990, 19924t present introduced a fluorescent thymidine analog (Cy3-
reliable and sensitive localization of mRNAs in AP3-dUTP) by microinjection in cells which were
combination with their cognate proteins (immuno in culture. Integration of the probe during further
cytochemically), is feasible with visualization culturing, resulted in daughter cell nuclei with
options under the light and the fluorescence micrcinNdividual labelled chromatid territories cem
scope (Fig. 3), as well at the ultrastructural level, P0S€d Of subchromosomal foci with a diameter of
In general, to achieve didient sensitivity rela 20Ut 400-800 nm.

tive lage probe sequences, which will cover the, - The I?C‘?‘"T.a'.['on OTI specific 'glente):s FallgdH get?]e
whole RNAtamets, are necessathpe immunocy ranscripts In living cetis 1S possible by Wi

tochemical visualization being obtained with sev fluorophore-labelled probes which have to be

P - ntroduced in the cell, e.g. by microinjection.
eral amplification steps (Dirkst al, 1993). ' i
With the horse radish-tyramide amplification pro Several types of probes have been explored and

) . are being applied, like oligoribonucleotides, pep
gzggcrteiofltos:r?si(t]ih—iictt;sigi Eggiafé%rtgir?; d 'r(]\(;;iafjtide nuc'leic acids (PNAs) and molecular beacons.
Corputet al. 1998A, 1998B). Theoretically molecular beacons are optimally

. ... suited for living cell analysis (Dirkst al, 1999).
In another approach to increase sensitjvity g ySis )

- . ; . These probes have a stemloop strucutre with-a flu
sophisticated image processing applying a decolqgqnhare at one end of the stem and a quencher of

volution algorithm, was used after hybridization f,oresecence at the othéne loop consisting of a
with a number of oligonucleotide probe sequencegequence complementary to theger In the
that carried several fluorochromic labels (Femincciosed confirmation, the probe will not fluoresce
et al, 1998).The authors claim that this procedureqye to the fact that fluorophore and quencher are
allowed them to detect even a single specific RN/in close proximity Upon hybridization, the bea
molecule, and in this way to quantitate the kinetic:con will open-up and fluoresce.

of thep-actin mRNAgene expression. _ Early studies concerning transcript transport from
A special field of science where RNA-FISH is the nucleus to the cytoplasm (Dirks al, 1995)
applied, is the study of gene activities taking place iseemed to indicate that transcripts of a given gene
the cell nucleus. Since a number of investigations ifind their way to the cytoplasm through a defined
recent years has shown that cell nuclei contain-conpore complex (‘gene gating’- Blobel, 1985).
partments in which molecular processes take plactHuman cytomegalovirus immediate early antigen
(Cremeret al, 1993; van Driel et al, 1995; Singer & (HCMV-IEA RNA) transcripts in rat 9G fibroblast
Green, 1997), their structural and functional archicells were detected in track-like configurations,
tecture has become a topic of great interest. suggesting that these represented Rihsport

As already predicted by Rabl (1885), in non-routes. Howevermore detailed analysis revealed
cycling interphase cell nuclei chromosomes werithat HCMVAIEA mRNAs were not only present in
found to occupy distinct territories, as do somethe track-like domains, but also throughout the
nuclear proteins and RNAs @ftsinket al.1994).  nucleoplasm of these cells excluding nucleoli, with
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Table XIV
Early publications on mRN#@etection using non-radioactive ISHogedues

1982 - Singer &Ward

1985, 1986 -Lawrence & Singer

1989 - 32R 35S, and peroxidase-DAB visualization - Digtsal.
1989 - Lawrenceet al.

1990 - two-colour FISH detection - Dirkst al.

1991 - multicolour FISH detection - Dirkst al.

1992 - colloidal gold EM detection of mMRNAs - Dirlet al.
1998B - tyramide-amplified mRNAletection - van de Corpet al.

the highest amount occurring near the transcribinus is important for the control of gene expression

gene cluster (Dirket al, 1995; Macvilleet al,  (Cremeret al, 1993; Steiret al, 1998; Cockell &
1995). From these observations it seems highlGasser1999). RNAprocessing factors and a num
probable that HCMVMRNASs are not transported ber of transcription factors are highly compartmen

along one specific track, but travel in afaéle way talized in the cell nucleushey are found to be

throughout the nuclear interior to the cytoplasm. enriched in so-called ‘speckle domains'. It is rather
Politz et al. (1999) recently applied a caged fluo probable that the dynamic position of genes, relative
rescein-labelled (nonfluorescent) oligo (dT) probeto these nuclear domains, plays a role in the regula

that in living cells hybridizes to nuclear poly(A) tion of gene transcription and RNgkocessing.

RNA. Upon photoactivation of the fluorescein, it is

possible to follow the movements of the hybrids in ZComparative Genomic Hybridization

pum nuclear spotsThe difusion coeficient of the As just described, FISH is well suited to detect
hybridized oligo (dT), that appeared to move in aland characterize structural and numerical changes

directions, was found to be the same &28nd at in chromosome make-up of interphase and

37°C, which suggests that the transport process metaphase cells.

enepgy independent. Consequentlyit is used diagnostically and prog
Recent studies have provided evidence that tfnostically especially on nuclei or chromosomes
positioning of gene sequences within the cell ruclewhen a priori knowledge is available about the

Figs. 11/13 - 1) Visualization of mRNAexpression of human cytomegalovirus (HCMV) immediate early antigen (IEA) by

situ hybridization with fluorescein-pSS DN cycloheximide-treated rat 9G fibroblast cells.

Induction of the expression of the transfected HGM\DNA in these cells is S-phase depend&hte preparation had not been
thermally denatured, so only the positive cells show nuclear (arrow heads) and cytoplasmic(tEdeNAignals). DAPI coun
terstaining.

(see Raagt al, 1991 for more details)

12) - FISH-barcoded human chromosomg 1

Monitor image in pseudocolours obtained after processing the fluorescence (recorded with a cooled CCD camera) of a chromo
some 1, that was hybridized with six @#rent probes which were visualized with combinations of fluorescein, rhodamine and
coumarin fluorophores.

(seeWiegantet al, 1993 for more details)

13) - Schematic representation of the bi-colour FISH detection of a reciprocal translocation between a chromosome 22 and a
chromosome 9. Part of the long arm of chromosome 22 is translocated to the long arm of a chromosome 9, and a small part of
that chromosome 9 has fused with the remaining part of the chromosome 22, resulting in the formation of a Philadelphia (Ph1)
chromosome. In a normal cell nucleus two red and two green spots will be visible. If a Phl chromosome is present, one red and
one green spot will be seen as well as za (partly) co-localising red-and-green spot.

(seeArnolduset al, 1990 for more details)
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genetic changes that could be present in the saifor quite a number of tumour types, allowing cerre
ple under investigation. lation of histo- and cytopathological features with
The fact that for many cancers knowledge abotspecific molecular changes that occur during devel
the specific genes which are causally related witopment of the canceor are its initiatar
the disease, is still scarce or missing, has inspire
scientists (Kallioniemiet al, 1992) to develop a
new FISH methodologyComparativeGenomic THREE RECENT APPROACHES IN FISH
Hybridization (CGH).
Kallioniemi and coworkers (1992) and the grougTyramide signal amplification of FISH signals
of Cremer (Du Manoiet al, 1993) developed a For the cytochemical localization of a number of
method that enables to obtain insight in the amplidifferent cellular components, reliable cytochemi
fication and/or deletions present in the nucleiccal methods are available which deposit as an end
acids of a neoplastic sample. product for a light microscopical detection, well-
The principle of this method is a simultanedaus localized, chromogenic or fluorescing endprod
situ hybridization (using normal metaphase ehro ucts. Especially some of the cytochemeatyme
mosome preparations), with DN#olated from a procedures have a high specificity in combination
tumour sample and a reference DNA, under condwith a low background (Fig. 9).
tions of repeat suppressiorhe two DNAsamples A drawback of most cytochemical enzyme -pro
are labelled dferently, so that - under the fluores cedures, howeveis the fact that the end-products
cence microscope - they will show up withfelif ~ are not fluorescing, since the detection sensitivity
ent emission colours (e.g. green and red). for chromogenic deposits is fundamentally small
If an under or overrepresentation of specific er than that of fluorescent reaction products.
genes in the DNAInder investigation is present, With the recent introduction of a method that had
an imbalance in the red-ovgreen fluorescence been developed for the amplification of a eyto
intensity ratio will show up at the cytogenetic loca chemical horse radish peroxidase (HRP) proce
tion where the overor undesrepresented DNAs ~ dure, a combination of the advantages of cyto
located To identify the individual chromosomes, a chemical enzyme methods and fluorescence- visu
blue fluorescent banding counterstain is appliecalization could be obtaine@his method can also
At amplified sites, oncogenes may reside and :be used to enhance fluorescent signals resulting
sites with less than the normal amount of nucleiwith FISH procedures.
acid, tumour suppressor genes. In 1989 I_30b_row and co-workers had developed
These sites are then mapped. Subsequémlpre  an amplification procedure for a cytochemical
teins involved are to be identified, as is thereafte Peroxidase method that can result in a fluorescent
the role of these proteins in the tumour genesis. endproduct. In this approach, tyramine (labelled
The CGH procedure has its limitations when itwith a fluorochrome or a hapten), is employed as
comes to sensitivity as well as to resolution. Detecone of the substrateBhe enzyme mediates a reac
tion of extra material is only possible when thetion between hydrogen peroxide and the phenolic
product of copy number and amplicon size is 10(part of tyramine, to produce a quinone-like struc
to 200 kb; deletions have to be at least 5 to 20 Mture bearing a radical on the C2 grotipis ‘actr
(circa 2 to 7 ‘bands’) in size to be detectable wittvated’ tyramide is able to react covalently with
this approach. Depending on the amount of amplityrosine residues which are in close vicinity of the
fication, visual inspection of CGH images will HRP, resulting in the production of a deposit of
give clues or - when the changes are more subtlelabelled tyramides in the direct surrounding of the
quantitative fluorescence with digital image araly enzyme molecule.
sis of (a number of) metaphases will be necessa Adams (1992) was the first to apply this amplifica
before a conclusion can be drawn. tion in immunocytochemistry and then, in 1995,
Since CGH software packages are now commeboth Kersteret al.and Raaget al. used this prinei
cially available, this approach has rapidly beerple to enhance ISH signals and obtained remarkable
accepted as a tool in cancer diagnostics and oncolincreases in FISH signal intensities. Especially after
gy researchAs a result, many new data are obtainecthe detection protocols had been modified (var Gijl
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swijk et al, 1996B), the approach combines theduplexes with complementary DNtAmgets. The
sharp localization aspects (with low background) orapid formation kinetics and the high thermal sta
cytochemical HRAnethods, with the fact that the bility of PNA-DNA duplexes are thought to be the
procedure results in a fluorescent endproduct, whicconsequence of the fact that there is no electrosta
increases the detection sensitivity considerably  tic repulsion between the DNA-phosphate groups
Recently research was performed to investigatand the neutral peptide backbone of the PNA
whether it really will be possible to detect smalloligomers (Corey1997).
unique DNAsequences and mRNAmets which,  Lansdorpet al.(1996) were able to visualize all 96
because of their low abundance, so far could not ttelomeres in human metaphases using fluorescein-
visualized with ‘conventionaprocedures (van de or Cy-3 labelled PNAprobes ([C3A2]3PNA), a
Corputet al, 1998A, 1998B). Generally speaking result that so far had not been achieved with telom
the results are, that tyramide signal amplificatioreric DNA probes.
in its present form, when performed with care, cai It is expected that the high hybridizatiorfi ef
result in a strong enhancement of weak signalciency of this PNAprobe will contribute to a bet
which may be advantageous for diagnostic appliter FISH stoichiometryproviding a reliable basis
cation in pathology for determining the (relative) lengths of telomeres
Van de Corputt al. (1998A & 1998B) applied on basis of digital fluorescence intensity measure
peroxidase-labelled 40 mer oligodeoxynucleotide ments (Lansdorpt al, 1996).
(HRP-ODNS), specific for the human cytomegalo The approach is also interesting for other repeat
virus immediate early gene (HCME). sequences such as centromere-specific alphoid
When hybridized to metaphase chromosomes (DNAs, simple satellite DNAs anéllu-repeats. It
rat 9G cells (which carry an integrated tandenis too early yet, to speculate about the potentiali
repeat of 50-60 copies of that gene) these could lties of this kind of probes for the detection of low
visualized “with ease”. For RNAISH, the appli  level repeat and unigue nucleic acid sequences.
cation of synthetic ODNs as probes proved to b
advantageous because of their single-strandedne Padlock probe methodology
The fact that only limited numbers of haptens o Padlock probes can also be mentioned as an-exam
fluorochromes can be coupled to ODNs was iple of recent innovations in FISH methodology
drawback, because it decreases the detection cajThey have been introduced by Nilssaral.(1994)
bilities. When HRPis introduced in the ODN, to be applied for then situ detection of single
many hapten- or fluorochrome-labelled tyramidesnucleotide diferences in metaphase chromosomes.
can be deposited at he hybridization site (van Gijl A padlock probe is a linear oligonucleotide with
swijk et al, 1996A). By use of the tyramide signal two taget-complementary sequences and a non-
amplification (TSA) method, the RNproduction complementary linking segment in between (Fig.
after cycloheximide initiation of the HCMIE  14).The non-taget spacer of about 40 nucleotides
gene in rat 9G cells, resulted in an optimal visuallong, is carrying hapten groups like biotin or digox
ization with strong, well-localized fluorescent-sig igenin for detection and visualization purposes.
nals.The conclusions of these studies are, that th The taget-complementary sequences of about 20
HRP-ODN/TSAapproach provides a methodolog nucleotides, are chosen in such a way that upon
ical basis for low-abundance mRNi#&tection by correct hybridization, they become juxtaposed.

FISH (Fig. 10). After the hybridization, a DNAigase will be used
to close the padlock probe circle enzymatically
Polypeptide nucleic acid pobes Due to the helix nature of double-stranded DNA, it

Another recent development that can enhancwill encircle the taget strand and resist strong
results of FISH procedures, is the introduction odenaturing procedures like very stringent washing.
labelled polypeptide nucleic acid (PNA) oligomers Using a priori information regarding a genetic
as FISH probes. polymorphism or deletion to be investigated, the

These DNA analogues which possess a (2-diagnostic nucleotide is incorporated at the end of
aminoethyl)-glycine backbone instead of the-deoone of the probe sequenc®¥ghen the diagnostic
xyribose-phosphate, can readily form stablebase does not fit the tget, there will remain a
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Non-target complementary linking segment

Ligation junction

Target DNA strand

Fig. 14 - Padlock probe.
See text and Nilsson (1994)
for details.

(by kind permission of M.
Target complementary probe arms Nilsson)

loose end where the two probe parts were suppos In conclusion, padlock probes seem tdeofa

to meet in the hybridl'he ability to recognize sin unique possibility to detect DNAequences with

gle nucleotide polymorphisms is based upon thhigh specificity and to distinguish among sequence

fact that the ligase will not be able to ‘thre#tteé  variantsin situwhena priori information is ava#

two probe parts in the hybrid together when, due table. Single nucleotide d&rences can be meoni

a mismatch at the diagnostic site, such a loose eitored in order to follow the segregation of chremo

exists in the center of the hybridization complex. somes over generations and to probe the structures
The advantages of this approach are several. Diof centromeres.

to the strict requirement of coincident hybridiza

tion to the two parts of the gat sequence, there

will be obtained a higher specificitlso the for  EPILOGUE

mation of a circular molecule (as a result of the

correct hybridization and the ligation afterwards) The opening sentence of this contribution has
allows for extreme stringent conditions in thebeen taken from a article in whiéibert Claude

washing procedure - loose ends of any aspecific (amongst others) looks back upon his scientific
mismatched hybridization will then be washedactivities.

away The methodology so far has been used suc Another sentence of that publication, describes
cessfully on repeat sequences in Southern (197the position in which Claude found himself in the
blots and to investigate the presence and distribinineteen thirties, where he statésologists wee

tion of two closely similar alpha satellite repeatin the same situation as astromers and astr

sequences present in the centromeres of humphysicists, who werpermitted to see the objects
chromosomes 13 and Zlhe two sequences tif  of their inteest, but not to touch them; the cell
at two nucleotide positiong38 and C101 in one of was as distant &m us as the stars and galaxies

the repeats and C38 and G101 in the ofiiésson  were from them”.

et al. used two padlock probes to analyse the dis Since then, astronomers, astrophysicists and all

tribution of the diagnostic nucleotide variaii38  of us, have witnessed quite some developments,
and C38 respectively (1997). In that article thewhich changed the limits of our macroscopical
authors also claim to have obtained results sensand microscopical outlooks.

tive enough to detect single-copy gene sequenc: As has been tried to illustrate here above, for us,
in complex genomic DNA. cytochemists, the epi-illumination fluorescence
They further suggested a ‘rolling circlnplifica  microscope, the introduction of confocal laser

tion principle (by a phage polymerase) to enhancscanning microscopyand other progress in the

the sensitivity Recently Amersham Pharmacia science and technology of microscopy and digital
Biotec obtained the rights to develop this ampificaimaging, in combination with the lustrous devel

tion mechanism. opment of molecular tools, really enabled us to
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