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In Situ Hybridization

Afascinating property of DNA is the complementarity of the nucleotide

bases in its two anti-parallel strands, with G always pairing with C and A

always pairing with T.This does not involve strong covalent chemical bonds but

weak hydrogen bonds. There are three hydrogen bonds between G-C pairs and

two between A-T pairs, so strand separation is easier in AT-rich DNA than in

GC-rich DNA. Mild heating breaks these hydrogen bonds and is one way to

separate the two strands, called denaturation or dissociation . Reducing the temper­

ature under the right salt conditions leads to renaturation (reassociation or reanneal­

ing) of the two strands by reconstitution of the hydrogen bonds. The rate of

renaturation depends on the frequency of collision between complementary

sequences, which depends on their concentration . The concentration and time

required for renaturation determines the Cot value (concentration X time) .

If a high concentration of labeled probe DNA is used, hybridization to
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8 In Situ Hybridization

complementary nucleic acid sequences in the target preparation can be achieved

in a reasonably short time . These properties of DNA are extremely important,

because they make it possible to detect specific DNA sequences (such as genes)

on a nitrocellulose filter (molecular hybridization) or in cytological preparations (in

situ hybridization) by using labeled DNA or RNA probes.

In Situ Hybridization of Repetitive
and Unique DNA Sequences

Typically, in situ hybridization involves denaturing a cloned DNA fragment ,

labeling it with a radioactive, fluorescent, or antigenic tag, and hybridizing it to

denatured DNA in fixed metaphase chromosome spreads on a slide. Under

highly stringent conditions of temperature and salt concentration, the DNA

probe will hybridize only to its complementary strands and not to any of the

enormously greater number of strands from other parts of the genome. Under

the se conditions, bonds formed between imperfectly paired sequences will be

short-lived, but bonds between perfectly paired sequences will be stable . Sites

of in situ hybridization of radioactive probes can then be detected autoradi­

ographically and those of nonradioactive probes by fluorescence or enzyme­

mediated staining.
The strength of signal depends on the length of the cloned DNA probe and

the density of label, and determines the sensitivity. When 3H-thymidine is used

to label probe DNA, the sensitivity is limited , because the half-life of tritium

CH) is 12.8 years, so only a tiny fraction of the atoms will decay in a 3- to 4­

week autoradiographic exposure period. Furthermore, the electrons produced by

the radioactive decay of tritium may travel some distance before they nucleate

silver grains in the photographic emulsion overlying the microscope slide. The

grains are spread out within a radius of 111m or more around the site of

hybridization , which yields rather low resolution . However, autoradiographic in

situ hybridization does have one advantage: It allows comparisons of the rela­

tive sizes of two or more targets . De Capoa et al. (1988) used this approach to

determine the relative numbers of ribosomal RNA genes on different acrocen­

tric chromosomes.
Despite the limited sensitivity and resolut ion of autoradiographic detection

of sites of in situ hybridization , this method was successfully used to map

tandernly repetitive sequences such as satellite DNAs in heterochromatin

and several classes of multicopy genes (40 to 200 copies each). These included
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Fluorescence In Situ Hybridization

the 18S and 28S ribosomal RNA genes in the NORs of the acrocentric

chromosomes, the 5S ribosomal RNA genes at Iq42-q43, and the histone

genes at 7q32-q36. Autoradiographic detection of single-copy genes was much

harder, though achievable (Harper and Saunders , 1984). A major problem

was that fewer than 15% of the autoradiographic silver grains were localized at

the two specific allelic sites, with the rest of the grains widely scattered and

sometimes also concentrated at a few secondary sites. That is, the background

was high and the signal-to-noise ratio was low. An obvious reason for the high

background was the presence of extremely abundant repetitive sequences

throughout the genome. Because of their high number of copies , the repetitive

sequences could hybridize more quickly (at a lower Cot value) than unique

sequence genes .

A major advance was the discovery that hybridization of labeled probes to

repetitive sequences can be blocked by prehybridization to unlabeled genomic

DNA or, preferably, Cotl DNA, the highly repetitive fraction of the genome

(Cremer et aI., 1988; Pinkel et aI., 1988). As a result , nonradioactive (enzyme

or fluorescence) labeling techniques have largely replaced autoradiographic

labeling because of their greater speed, resolution, and reliability. Almost any

gene or other component of the genome can now be mapped.

Fluorescence In Situ Hybridization

Methods involving fluorescent labels are generally preferred over enzyme labels

and are the best developed (Trask, 1991; Lichter and Ward, 1990). Bromo­

deoxyuracil , digoxigenin, dinitrophenol , or other side-groups can be used to

label DNA probes, and their sites of hybridization can be detected by highly

specific fluorescent or enzyme-linked antibodies (Fig. 8.1). Fluorescent side­

groups can be covalently bound to the probe DNA itself, thus eliminating the

need to add a fluorescent molecule that binds to the probe. Chromosome­

specific probe sets have been prepared that "paint" different chromosomes or

parts of chromosomes (Cremer et aI., 1988; Pinkel et aI., 1988). The power and

beauty of these new techniques is reflected by their increasingly wide use, and

illustrated in Figs. 8.2, 8.3, 8.4 (see color insert), and 26.1.

Very long DNA fragments can be used as hybridization probes after block ­

ing the hybridization of interspersed repeats, thus markedly reducing the noise

level generated by such hybridization . This is useful because long probes yield

strong fluorescent signals that are readily detectable by simple fluorescence
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8 In Situ Hybridization

Figure 8.1. Demonstration by FISH of a deletion of the Prader-Willi/Angelman syndrome region ,

15q II-q 13. Hybridization of a YAC cloned from this region produces a signal on one homologue (filled

arrowhead) but none on the other homologue (open arrowhead) . The classical satellite probe, DI5Z1 ,

produces a large signal in the centromeric region of each chromosome 15 (reproduced from Kuwano et
aI., Hum Mol Genet 1:417-425, 1992, with permission of Oxford University Press) .

Figure 8.2 . Spectral karyotyping after simultaneous hybridization of 24 combinatorially labeled chro­

mosome-specific (painting) probes. B, a metaphase spread; C, the karyotype of this metaphase. Regions

rich in repetitive sequences, such as the short arms of numbers 13, 14, 15, 21, and 22, show color vari­

ations that are expected after suppression hybridization (reprinted with permission from Schrock et aI.,

Multicolor spectral karyotyping of human chromosomes. Science 273:494-497, copyright 1996, Amer­
ican Association for the Advancement of Science) (See color insert).
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Fluorescence In Situ Hybridization

Figure 8 .3. A metaphase spread (above) and a karyotype (below) after in situ hybridization and detec­

tion of multiplex probes. Red and green bars represent regions that hybridized to fragments in only one

probe pool, and yellow bars represent regions that hybridized equally to fragments in both probe pools.

Mixed colors are due to overrepresentation of fragments from one pool. Regions that fail to hybridize

to fragments in either pool show background DAPI blue fluorescence (reproduced from Muller et al.,

Toward a multicolor chromosome bar code for the entire human karyotype by fluorescence in situ

hybridization, Hum Genet 100, fig. 3, p 273 , copyright 1997, Springer-Verlag) (See color insert).
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8 In Situ Hybridization

Figure 8.4 . High-resolution fiber-FISH using the DAZ G5

probe from the 5' end of the DAZ gene (green fluorescence)

and the DAZ G21 probe from the 3' end of the gene (red flu­

orescence) to label extended S phase Ychromatin. Seven DAZ

red-green signals (genes or pseudogenes) are seen in a linear

array, with at least one gene inverted with respect to the

others (Glaser et aI., Chromosome Research 6: figure 4, p 484,

1998, with kind permission from Kluwer Academic Pub­

lishers) (See color insert).
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Color Plate I
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Figure 7 .2. Hybridization of GC-rich H3 isochore DNA to chromosomes 1-9 at

different stages of contraction. Biotinylated H3 isochore DNA was detected with

avidin-FITC (yellow) on propidium iodide-stained chromosomes (red) (Saccone et

aI., Identification of the gene-richest bands in human prometaphase chromosomes,

Chrom Res 7: figure 1, P 382, copyright 1999, with kind permission from Kluwer

Academic Publishers) .

Figure 8 .2 . Spectral karyotyping after simultaneous hybridization of 24 combina­

tonally labeled chromosome-specific (painting) probes. B, a metaphase spread; C ,

the karyotype of this metaphase. Regions rich in repetitive sequences, such as the

short arms of numbers 13, 14, 15,21, and 22, show color variations that are expected

after suppression hybridization (reprinted with permission from Schrock et aI.,

Multicolor spectral karyotyping of human chromosomes. Science 273:494-497,
copyright 1996, American Association for the Advancement of Science) .



Color Plate II

Figure 8 .3 . A metaphase spread (above) and a karyotype (below) after in situ

hybridization and detection of multiplex probes. Red and green bars represent

regions that hybridized to fragments in only one probe pool , and yellow bars rep­

resent regions that hybridized equally to fragments in both probe pools . Mixed

colors are due to overrepresentation of fragments from one pool. Regions that fail

to hybridize to fragments in either pool show background DAPI blue fluorescence

(reproduced from Muller et al., Toward a multicolor chromosome bar code for the

entire human karyotype by fluorescence in situ hybridization , Hum Genet 100, fig.

3, p 273 , copyright 1997, Springer-Verlag) .



Color Plate III

Figure 8.4 . High resolution fiber-FISH using the DAZ G5

probe from the 5' end of the DAZ gene (green fluorescence )

and the DAZ G21 probe from the 3' end of the gene (red flu­

orescence) to label extended S phase Y chromatin. Seven DAZ
red-green signals (genes or pseudogenes) are seen in a linear

array, with at least one gene inverted with respect to the others

(Glaser et aI., Chromosome Research 6: figure 4, p 484 , 1998,

with kind permission from Kluwer Academic Publishers).



Figure 8 .6 . (A) Partial C-band and spectral (painting) karyotypes of the father of

a mentally retarded child, showing an otherwise cryptic t( I; II) translocation.

(B) Partial G-band karyotype of an ataxic patient; note extra material on a chromo­

some II ; the spectral karyotype shows its origin from a chromosome 4. (C) Six

marker chromosomes from a breast cancer cell line; spectral karyotyping shows the

chromosomes involved in these complex rearrangements (reprinted with permission

from Schrock et al., Multicolor spectral karyotyping of human chromosomes.

Science 273 :494-497, copyright 1996, American Association for the Advancement
of Science).

Figure 9 .6 . Association of bivalent IS with the sex vesicle in five normal pachytene

nuclei stained blue with DAPL Bivalent IS is made visible with a IS-specific paint
(green) and its centromeric region with a IS-specific a-satellite probe (red) . The sex

vesicle (blue clump) is marked by an X-specific a-satellite probe (red) (Metzler­

Guillemain et al., Chrom Res 7:369, Bivalent IS regularly associates with the sex

vesicle in normal male meiosis, fig. I , copyright 1999, with kind permission from
Kluwer Academic Publishers) .



Fluorescence In Situ Hybridization

microscopy. The nick translation reaction used to label the probes also yields

the short fragments best suited for hybridization. The fluorescence does not

spread from the site of hybridization nearly as far as autoradiographic silver

grains do , so the resolution, or precision, of mapping is much higher with fluo­

rescence in situ hybridization (FISH) than with autoradiography. The results do

not require a statistical analysis of the distribution of signals throughout the

entire genome, because the background is so low that virtually every fluorescent

signal counts (see Figs. 3.5, 8.4, and 9.6).

Highly sensitive CCD (charge-coupled device) digital cameras and computer­

assisted data acquisition and processing methods permit routine detection of

even faint fluorescent signals . With them, FISH can detect hybridization to

sequences as short as 1kb . It is even possible to distinguish single RNA tran ­

scripts within a cell and to determine the average number of transcripts of a par­

ticular gene within a cell. By using three different f1uorochromes to label three

probes, each complementary to a different segment of a gene, one can deter­

mine the rate of elongation of a growing (nascent) RNA transcript and the dis­

tance separating the RNA polymerase " transcriptional complexes. These

correspond well to the results determined by electron microscopy (Femino et

aI., 1998).

Probes for highly repetitive (TTAGGG)n telomeric sequences are widely

used, and for a variety of purposes. They have been used to show that appar­

ently terminal deletions have been stabilized by the capture of TTAGGG repeats

(Figs. 8.1 and 15.3). Pericentric inversions (Chapter 13) can be detected by a

fascinating method called Chromosome Orientation and Direction FISH, or

COD-FISH (Bailey et aI., 1996). This takes advantage of the fact that telomeric

repeats (TTAGGG in the G-rich strand, CCCTAA in the C-rich strand) all have

the same orientation with respect to the end of the chromosome, just as cen ­

tromeric a-satellite sequences do . Cell s grown for one cycle in the presence of

BrdU incorporate BrdU in place of T into each newly replicated strand of DNA.

UV light selectively breaks down BrdU-substituted DNA, and exonuclease III

can then destroy the entire damaged strand, leaving a single strand of DNA in

each sister chromatid. A single -stranded probe complementary to one strand of

telomeric or centromeric DNA will thus find a hybridizable (complementary)

sequence in only one of the two sister chromatids. The single -stranded telom­

eric probe will hybridize to the short-arm telomere of one chromatid and

the long-arm telomere of the other chromatid; the centromeric probe will

hybridize to only one of these chromatids. However, if a pericentric inversion
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8 In Situ Hybridization

has occurred , the centromeric probe will hybridize to the other chromatid

(Fig. 13.6).

Replication Timing by FISH

The time of repl icat ion of individual genes can be determined in var ious ways .

The standard method involves incorporating BrdU during part of the S phase in

synchronized cell cultures and detecting the BrdU-containing strand with anti­

bodies to BrdU. Alternatively, the BrdU-containing strand can be destroyed by

photolysis and its complementary strand destroyed with single-strand-specific

nuclease. This procedure eliminates only the DNA segments or genes that were

replicated while BrdU was present. Specific gene probes can then be hybridized

to the remaining DNA in solution or on Southern blots (C hapter 3). Selig et al.

( 1992) devised an ingenious cytological method to determine the time at which

a particular gene is replicated. DNA probes for the genes in question are

hybridized to interphase nuclei in synchronized cultures and the sites of

hybridizat ion detected by FISH. Each allele appears as a sing le dot before repl i­

cation and as paired dots after repl ication has occurred and a sufficient degree

of separation of sister chromatids has taken place in that region (Fig. 3.5).

Torchia et al. ( 1994) and Boggs and Chinault ( 1994) applied th is technique to

several X-linked loci. Those known to undergo X-inactivation , such as HPRT
and FRAXA, showed a high degree of asynchrony in the time of replication of

the two alleles, whereas the two alleles of genes that escape X-inactivation , such

as ZFX and RPS4X, replicated in synchrony. The XIST gene, which is active only

on the inactive X chromosome, showed marked asynchrony, and both research

groups suggested that the active XIST allele replicated early and the inactive

allele late . However, Cartier et al. ( 1999), using both the standard method and

that of Selig et al. ( 1992), concluded that the inactive XIST allele repl icated early

and the active allele late (Fig. 8.5).

Cloned, PCR-Generated, and
In Situ-Generated Probes

The first probes for in situ hybridization were fragments of DNA that had been

inserted into bacterial viruses (circular plasm ids or linear bacteriophages) that
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Figure 8 .5 . FISH and BrdU analysis of the replication time of the XIST alle1es in
X,i(Xq) fibroblasts. (A) Percentage of cells with doublets of the act ive X (closed
circles) and the inactive i(Xq) (open squares) in each fraction of the cell cycle. Th e
inact ive i(Xq) was scored as replicated if doublets were present at either or both XIST
loci. (B) Cumulat ive repl ication values for the act ive X (closed circles) and inact ive
i(Xq) (open squares) in each fract ion of the cycle (reproduced from Gartle r et aI.,
Hum Mol Genet 8:1085-1089, 1999, with permission of O xford Un iversity Press).

were then grown in bacteria to develop clon es of identical fragments. Large r

fragments have been successfully cloned in cosmids (35-55 kb ) and in bacterial

art ificial chromosomes (BACs, I 00-250 kb , Shi zuya et aI., 1992) or yeast

art ifi cial chromosomes (YACs, 300- 1500 kb i Burke et al. , 1987). An example

of th eir use is the creation of a complete set of probes specific for each
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8 In Situ Hybridization

chromosome end, capable of detecting by FISH deletions, translocations, or

other rearrangements (Knight et al., 1997) . The polymerase chain reaction

(PCR) has been used to generate unique probes or libraries of probes from

a whole genome, a whole chromosome, or a chromosome segment (Ludecke

et al., 1989). Some of the most useful probes have been produced using an

oligonucleotide complementary to part of an Alu sequence as one primer and

an arbitrary oligonucleotide sequence for the other. This generates a library of

fragments, most of them from the gene-rich R-bands , which are rich in

Alusequences. This technique can be used with a variety of chromosome sources:

flow-sorted chromosome-specific (or enriched) pools , rodent-human hybrids

that contain a specific human chromosome or chromosome fragment , and

microdissected fragments from a specific chromosome region . Microdissection

(a scrape from a single or several chromosomes on a slide) and formation of a

PCR-amplified pool of DNA fragments from a tiny region can be used to yield

a chromosome-band-specific painting probe (Ludecke et al., 1989; Chen et al.,

1997).

A method has been developed for the in situ generation of label, called primed

in situ (PRINS) labeling . A labeled oligonucleotide primer is annealed to its com­

plementary sequences in the genome and used to initiate replication in situ . This

works quite well with repetitive DNA sequences, such as centromeric

a-satellite DNA, and takes no more than an hour. PRINS gives good results with

even fairly low copy repeats if the labeled product is at least 1kb in length. For

lower copy repeats, a modification involving PCR in situ sometimes works

(Gosden and Lawson, 1994) . By using either end of the consensus Alu sequence

as the oligonucleotide primer (Alu-PRINS), one can selectively label euchro­

matin (T- and R-bands, mainly) and detect small regions of euchromatin in an

aberrant location (Cullen et al., 1997) .

Chromosome-, Region-, and
Band-Specific Painting Probes

In 1988, two groups reported the successful use of chromosome-specific libraries

for the recognition of numerical and structural chromosome abnormal­

ities (Cremer et al., 1988; Pinkel et al., 1988) . Flow sorting was used to prepare

fractions highly enriched for each chromosome, and the DNA from each of
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these was fragmented and the pool of fragments ligated into bacterial virus DNA.

Bacteria were infected with the mixture of recombinant virus DNA to yield

a library of human DNA fragments derived almost entirely from a single

chromosome: a chromosome-specific library. Although repetitive human sequences

common to many chromosomes are abundant in such libraries, their hybridiza­

tion can be blocked by pre hybridization with an excess of unlabeled DNA

or the highly repetitive Cot 1 fraction of DNA. The nonrepetitive sequences

in the labeled library hybridize, producing a fluorescent signal along the

length of the chromosome (Fig . 8.2) . The number of chromosomes labeled

with such a probe is eas ily identifiable, in both metaphase spreads and inter­

phase nuclei . Translocations involving the painted chromosome are also

readily apparent, even when they are very tiny (Popp et al ., 1993). Chromo­

some painting probes can be used in conjunction with locus-specific probes

(Fig . 9.6).

In principle, a probe specific for any region or band can be generated by

microdissection followed by PCR amplification of sequences from the region or

band, and a number of such probes have been developed. Using a more global

approach, Rocchi and his collaborators have prepared a panel of subchromoso­

mal painting libraries (paints) representing over 300 regions of the human

genome (Antonacci et al., 1995). The presence of ribosomal RNA gene clusters

and several repetitive sequence families on all the acrocentric chromosomes

reduces the specificity of chromosome painting probes prepared from these

chromosomes. A novel way around this problem is to prepare painting probes

from gorilla or chimpanzee acrocentric chromosomes, which lack all these repet­

itive elements but are otherwise highly homologous to the human acrocentrics

(Muller et al., 1997a).

Multicolor FISH, Spectral
Karyotyping, and Bar Codes

Simultaneous detection of each chromosome in a metaphase spread is now

routine, using either multicolor FISH (M -F1SH j Speicher et al., 1996) or spec­

tral karyotyping (SKY j Schrock et al., 1996). These methods use 24 chromo­

some painting probes and five f1uorochromes in a combinatorial labeling scheme

that labels each of the 22 autosomes and the X and Y differently. M-F1SH
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requires a series of image acquisitions with a change of optical filters, while SKY

uses Fourier spectroscopy and an interferometer to evaluate the fluorescence

emission patterns in a single , longer image acquisition (Fig. 8.2 ). Neither method

detects intrachromosomal rearrangements such as most deletions, duplications,

or inversions, but they are very useful for detecting other structural as well as

numerical changes (Fig. 8.6; see color insert ). Even minute chromosome

rearrangements may be detectable using multicolor FISH with chromosome­

specific painting probes (Popp et al., 1993).

Alu-PCR from human-mouse hybrids that contain a limited number of

human chromosomes has been used to generate two different human­

specific probe sets . These sets were derived pretty much at random from

the human genome, and for use one is labeled with red and one with green

fluorescence. Chromosome regions that hybridize to probes from both

pools appear yellow, while regions that hybridize to probes from only one

pool appear either red or green. The I 10 distinct signals per haploid set

produce a unique multicolor. pattern of variously colored dots along each

chromosome, a "bar code" that allows chromosome identification and recog­

nition of rearrangements (Fig. 8.3). Extension of this approach using addi ­

tional signals or additional colors should make this technique increasingly

useful (Muller et al., 1997b ).

High-Resolution (Interphase
and Fiber) FISH

Techniques have been developed for multicolor fluorescence labeling

of chromosomes, which allows two or more specific probes to be identified

in a single nucleus . Interphase chromatin in hypotonically swollen nuclei can

be stained with these fluorescent probes; the distance between the bands in

such fluorescence-labeled chromosomes is directly proportional to the mol­

ecular distance (up to about I million base pairs) separating the two binding

sites (Lichter and Ward , 1990; Trask, 1991). These new techniques will im­

prove the diagnostic power of cytogenetics and even allow chromosome

changes to be detected in nondividing differentiated cells . The use of mul­

tiple probes and multicolor fluorescence labeling permits much more accu­

rate analysis and detection of subtle changes in structure and copy number

(Trask, 1991).
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Figure 8.6 . (A) Partial Cband and spectral (painting) karyotypes of the father
of a mentally retarded child , showing an otherwise cryptic t(1;11 ) translocation.
(B) Partial G-band karyotype of an ataxic patient; note extra material on a
chromosome 11 ; the spectral karyotype shows its origin from a chromosome 4.

(C) Six marker chromosomes from a breast cancer cell line; spectral karyotyping
shows the chromosomes involved in these complex rearrangements (reprinted with
permission from Schrock et al., Multicolor spectral karyotyping of human
chromosomes. Science 273:494- 497, copyright 1996; American Association for the
Advancement of Science ) (See color insert ).

Chromatin can be released from interphase nuclei and the extended chro

matin fibers spread out on lysine-coated slides . These are used for fiber FISH,

to determine the order of three or more genes that are close to one another,

or to analyze chromosome abnormalities (Mann et al., 1997). Pelizaeus­

Merzbacher disease of the central nervous system is frequently caused by a

duplication of the PLP (proteolipid protein) gene at Xq22 . Fiber FISH

detected a tiny duplication in three different families . In a fourth family, the

two PLP signals were widely separated even in metaphase chromosomes,

indicating there had been a major structural rearrangement (Woodward

et aI., 1998). Using differentially fluorescent probes from the 5' and 3' ends

of the DAZ gene, Glaser et al. (1998) demonstrated a linear array of seven

DAZ genes in Y chromatin fibers, with at least one of them inverted with

respect to the others (Fig. 8.4 ). Shiels et al. (1997) used fiber FISH to estimate

the length of ribosomal RNA genes (rONA) and a-satellite arrays on

human chromosome 22 from a human-rodent cell hybrid. There were up to

10 repeats of the 43-kb rRNA gene in a ISS-11m cluster, although the full
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Figure 8.7 . (a) Partial karyotype and ideogram of two chromosomes 5, one with additional material on

it. (b) Ideograms and CGH (comparative genomic hybridization) profiles indicate that the extra mater­
ial is from Ilq23-qter. (c) Confirmation by FISH using a chromosome II-specific painting probe (Levy

et aI., 1997, with permission of S. Karger AG, Basel).

rONA array on this specific chromosome has nearly 40 copies (Srivastava et aI.,

1993) . The fiber length of the centromeric a-satellite array was 930 urn,

providing a better minimal estimate of the size of this array: 2600kb (2 .6Mb).

A modification of this technique uses linearized cosmid DNA fibers attached

to a glass slide and aligned in parallel by a process called molecular combing

(Weier et al., 1995) .
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Comparative Genomic Hybridization

Comparative genomic hybridization (CGH) is a molecular cytogenetic approach

for genome-wide screening for differences in copy number of any DNA sequence

from an individual , and it requires only a few nanograms of DNA as FISH probes.

Equal amounts of differently labeled DNA from the test individual (green) and

reference DNA (red) are cohybridized to normal metaphase spreads. Copy

number differences show up as altered ratios of green-to-red fluorescence inten­

sities (Fig. 26.1). This ratio is calculated along the length of each chromosome

by a digital image analysis system. Increased copy number gives an increased

ratio , while losses or deletions give a decreased ratio . Levy et al. (1997) used

CGH to determine the origin of a de novo translocation in a newborn with mul­

tiple congenital anomalies and an unbalanced karyotype (Fig. 8.7). This method

has been applied to more than 1500 tumor DNA samples and revealed six pre­

viously unknown gene amplifications (Forozan et al., 1997). For a list of publi­

cations on CGH, see http://nhgri.nih .gov/dirlccg/cgh.

References

Antonacci R, Marzella R, Finelli P, et al. (1995 ) A panel of subchromosomal

painting libraries representing over 300 regions of the human genome.

Cytogenet Cell Genet 68 :25-32

Bailey SM, Meyne J, Cornforth MN, et al. (1996) A new method for detecting

pericentric inversions using COD-FISH. Cytogenet Cell Genet 75:

248-253

Boggs BA, Chinault AC (1994) Analysis of replication timing of human X­

chromosomal loci by fluorescence in situ hybridization . Proc Natl Acad

Sci USA 91:6083-6087

Burke DT, Carle GF, Olson MV (1987) Cloning of large segments of exogenous

DNA into yeast by means of artificial chromosome vectors. Science

236 :806-812

Chen Z, Grebe TA, Guan X-Y, et al. (1997) Maternal balanced transloca­

tion leading to partial duplication of 4q and part ial deletion of 1p in a

son: cytogenetic and FISH studies using band-specific painting probes

References

121



8 In Situ Hybridization

generated by chromosome microdissection . Am ) Med Genet 71:

160-166

Cremer T, Lichter P, Borden ), et al. (1988) Detection of chromosome

aberrations in metaphase and interphase tumour cells by in situ hybridiza­

tion using chromosome specific library probes. Hum Genet 80:235­

246

Cullen OF, Yip M-Y, Eyre H) (1997) Rapid detection of euchromatin by Alu­

PRINS: use in clinical cytogenetics. Chrom Res 5:81-85

DeCapoa A, Felli MP, Baldini A, et al. (1988) Relationship between the numbers

and function of human ribosomal genes. Hum Genet 79:301-304

Femino AM, Fay FS, Fogarty K, et al. (1998) Visualization of single RNA tran ­

scripts in situ. Science 280:585-590

Forozan F, Karhu R, Kononen ) , et al. (1997) Genome screening by compara­

tive genomic hybridization . Trends Genet 13:405-409

Gartler SM, Goldstein L, Tyler-Freer SE, et al. (1999) The timing of XIST repli­

cation: dominance of the domain . Hum Mol Genet 8:1085-1089

Glaser B, Yen PH, Schempp W (1998) Fibre-FISH unravels apparently seven

DAZ genes or pseudogenes clustered within a Y-chromosome region

frequently deleted in azoospermic males. Chrom Res 6:481-486

Gosden ) , Lawson 0 (1994) Rapid chromosome identification by oligonu­

cleotide-primed in situ DNA synthesis (PRINS) . Hum Mol Genet 3:

931-936

Harper ME, Saunders GF (1984) Localizat ion of single-copy genes on human

chromosomes by in situ hybridization of 3H -probes and autoradiography.

In: Sparkes RS, de la Cruz FF (eds) Research perspectives in cytogenet­

ics. University Park Press, Baltimore , pp 117-133

Knight S)L, Horsley SW, Regan R, et al. (1997) Development and clinical appli ­

cation of an innovative fluorescence in situ hybridization technique

which detects submicroscopic rearrangements involving telomeres. Eur )

Hum Genet 5:1-8

Kuwano A, Mutirangura A, Dittrich B, et al. (1992) Molecular dissection of the

Prader-Willi/Angelman syndrome region (15qll-13) by YAC cloning

and FISH analysis . Hum Mol Genet 1:4 17- 425

122



Levy B, Gershin IF, Desnick R], et al. (1997) Characterization of a de novo unbal­

anced chromosome rearrangement by comparative genomic hybridiza­

tion and fluorescence in situ hybridization . Cytogenet Cell Genet

76:68-71

Lichter P, Ward DC (1990) Is non-isotopic in-situ hybridization finally coming

of age? Nature 345:93-94

Ludecke H-j, Senger G, Claussen U, et al. (1989) Cloning defined regions of

the human genome by microdissection of banded chromosomes and

enzymatic amplification. Nature 338:348-350

Mann SM, Burkin Dl, Grin DK, et al. (1997) A fast, novel approach for DNA

fibre-fluorescence in situ hybridization . Chrom Res 5:145-147

Muller S, O 'Brien PCM, Ferguson-Smith MA, et al. (1997a) A novel source of

highly specific chromosome painting probes for human karyotype analy­

sis derived from primate homologues. Hum Genet 101:149-153

Moller S, Rocchi M, Ferguson-Smith MA, et al. ( 1997b) Toward a multicolor

chromosome bar code for the entire human karyotype by fluorescence in

situ hybridization. Hum Genet 100:271-278

Pinkel D, Landegent I. Collins C, et al. (1988) Fluorescent in situ hybridization

with human chromosome specific libraries : detection of trisomy 21 and

translocation of chromosome 4. Proc Natl Acad Sci USA 85:9138-9142

Popp S, Jauch A, Schindler D, et al. ( 1993) A strategy for the characterization

of minute chromosome rearrangements using multiple color fluorescence

in situ hybridization with chromosome-specific DNA libraries and YAC

clones. Hum Genet 92 :527-532

Schrock E, du Manoir S, Veldman T, et al. (1996) Multicolor spectral kary­

otyping of human chromosomes. Science 273:494-497

Selig S, Okumura K, Ward DC, et al. (1992) Delineation of DNA replication

time zones by fluorescence in situ hybridization . EMBO j 11 :1217-1225

Shiels C, Coutelle C, Huxley C (1997) Analysis of ribosomal and alphoid repet­

itive DNA by fiber-FISH. Cytogenet Cell Genet 76 :20-22

Shizuya H, Birren B, Kim Ll-], et al. (1992) Cloning and stable maintenance of

300-kilobase-pair fragments of human DNA in Escherischia coli using an

F-factor-based vector. Proc Nat! Acad Sci USA 89:8794-8797

References

123



8 In Situ Hybridization

Speicher MR, Ballard G, Ward DC (1996) Karyotyping human chromosomes

by combinatorial multi-fluor FISH. Nat Genet 12:368-375

Srivastava AK, Hagino Y, Schlessinger 0 , et al. (1993) Ribosomal DNA clusters

in pulsed-field gel electrophoretic analysis of human acrocentric chro­

mosomes . Mammal Genome 4:445-450

Torchia BS, Call LM, Migeon BR (1994) DNA replication analysis of FMR1,

XIST, and factor 8C loci by FISH shows nontranscribed X-linked genes

replicate late . Am j Hum Genet 55:96-104

Trask Bj (1991) Fluorescence in situ hybridization : applications in cytogenetics

and gene mapping. Trends Genet 7:149-154

Weier H-UG, Wang M, Mulliken jC, et al. (1995) Quantitative DNA fiber

mapping. Hum Mol Genet 4:1903-1910

Woodward K, Kendall E, Vetrie 0, et al. (1998) Pelizaeus-Merzbacher

disease: identification of Xq22 proteolipid-protein duplications and

characterization of breakpoints by interphase FISH. Am j Hum Genet

63:207-217

124




