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In situ hybridization procedures that directly couple molecular and
cytological information have very recently had a surge of success in
powerful new applications. Pivotal to these advances has been tech-
nological improvements that allow the precise visualization of single se-
quences within individual metaphase and interphase cells. This has im-
portant implications for human gene mapping and clinical cyto-
genetics. These techniques provide not only an important tool for
determining linear arrangements of genes on individual chromosomes,
but also a powerful approach for analysis of their three-dimensional or-
ganization and expression within the genome. Hence, the ability to
detect individual genes, viral genomes, or primary nuclear transcripts
sensitively has significance for cell and developmental biology as well.

This chapter discusses:

(1 the current state of the art and the potential of high-sensitivity fluo-
rescence in situ hybridization methodology

Q recent contributions to this field from our laboratory

O applications for human genome mapping and for investigating
higher-level genome organization

(1 a new approach, termed interphase chromatin mapping, that allows
the rapid precise localization of closely spaced DNA sequences along
the chromatin fiber

0 potential applications for analysis of cytogenetic aberrations
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INTRODUCTION

Many laboratories have contributed to the development and application
of cytological hybridization, with advances bcing made in stages over a
period of 20 years. This technology has progressed from a laborious and
time-consuming approach to detect abundant nucleic acid sequences
with low resolution to an approach that allows fast, highly precisc, and
sensitive localization of as little as onc molecule per cell. Although it is
not possible to review all of the work in this field, this scction attempts
to summarize briefly the major contributions leading to the current state
of the art, before describing work [rom our laboratory.

The concept of applying molecular hybridization directly to
cytological material was initially pioncercd by Gall and Pardue (1969)
and John et al. (1969). The carly phasc of the development of this ficld
relied on autoradiographic dctection of radioactive probes to localize
abundant sequences, such as localization of DNA sequences in amplificd
polytene chromosomes and highly reitcrated scquences on mctaphasc
chromosomes (Evans ct al. 1974). During the [ollowing decade, applica-
tions were generally restricted to highly represented scquences. In 1981,
two reports (Gerhard ct al. 1981; Harper ct al. 1981) showed that it was
possible to localize single sequences on mectaphase chromosomes by
autoradiography of 1251- or 3H-labeled probes. This approach has since
been used to map many genes and is the most frequently used in-situ-
mapping mcthod to date. However, autoradiography has scveral sig-
nificant limitations. Becausc of the scatter of radioactive disintegrations,
the resolution is limited to relatively large chromosomal segments. Fur-
thermore, localization of the sequence is not determined directly within
a single cell but rcquires statistical analysis of grain distribution in as
many as 50-100 mctaphasc figures. In addition, the technique is cx-
tremely time-consuming, since weeks are generally required for suffi-
cient autoradiographic cxposurcs. Although autoradiography offers the
advantage that cDNA scquences of less than 1 kb can be used routinely
for statistical localization, this approach is not used for genomic clonces
containing repetitive scquences, presumably because of prohibitively
high backgrounds.

To overcome the limitations of autoradiography, scveral labora-
torics had the foresight to pursuc development of innovative nonisotopic
detection techniques. One of the carlicst nonisotopic in situ detections
uscd an antibody to RNA-DNA hybrids (Rudkin and Stollar 1977). In
1980, a method for dircct labeling of fluorochromes to DNA probes was
described (Bauman ct al. 1980, 1981). Scveral indirect nonisotopic tech-
niques were developed using chemically modificd DNA probes, which

arc detected after hybridization by alfinity recagents. The development of

the avidin:biotin system was originated and developed initially using
mecthacrylate spheres or ferritin detectors for clectron microscopic
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“localization of tRNAs or rRNA (Manning et al. 1975; Broker et al. 1978).
Subsequently, the incorporation of biotinylated dUTP into a DNA probe
(Langer et al. 1981) and detection by a two-step antibiotin antibody
reaction after hybridization to amplified sequences in polytene
chromosomes were described (Langer-Safer et al. 1982). Probes labeled
with AAF (N-acetoxy-N-acetyl-2-aminofluorene), for which antibodies
were readily available, were subsequently reported and successfully ap-
plied for detection of abundant sequences (Tchen et al. 1984). In efforts
to produce more sensitive or convenient technology, several groups con-
tinued to develop alternative labeling techniques, such as mercuration of
probes (Dale et al. 1975; Hopman et al. 1986), sulfonation (Verdlov ct al.
1974), and direct attachment of horseradish peroxidase (HRP) (Recnz
and Kurz 1984). Most recently, a very effective system has been de-
scribed that uses digoxygenin-labeled nucleotides detected by antibodics
carrying fluorescent or enzymatic tags (Boehringer Mannheim).

Fluorescent or enzymatic reporter molecules were most frequently
used to detect probes labeled by various means. Commonly used en-
zymes have been HRP and alkaline phosphatase. The enzymatic detec-
tion methods require extra steps to convert the substrate to a visible pro-
duct; however, they have an advantage over fluorescence in that the ¢n-
zyme reaction can be prolonged in order to amplify signals and the sig-
nals do not fade. Fluorescent tags are advantageous in that they provide
the highest resolution possible with the light microscope and arc casily
adapted for multicolor labeling and for quantitation and processing by a
varicty of instrumentations. Fluorescein isothiocyanate (FITC) and
rhodamine isothiocyanate (TRITC) are the most [requently uscd, but
other fluorochromes with diffcrent spectral properties arc becomiing
morc widely available. Efforts to improve the detection from fluorescent
tags have been directed at amplification of the detector, such as by
antibody-stacking techniques (Pinkel ct al. 1986), and through the usc of
sensitive digital camcras and computerized image enhancement.

During thc past decade, different nonisotopic labeling techniques
using fluorescent or enzymatic reporters have been variously applied for
dectecting highly repeated DNA scquences or abundant mRNAs. For ¢x-
ample, nonisotopic hybridization to satcllite DNA was reported as carly
as 1982 (Manuclidis et al.), amplified scquences were localized in
polytene chromosomes (Wu and Davidson 1981; Langer-Safer ct al.
1982; Kress ct al. 1985), and clustered genes for rRNAs were detected on
mctaphasc chromosomes (van Prooijen-Knegt ct al. 1982; Albertson
1985). Although nonisotopic detection became more widely applied for
highly represented sequences, the detection of single-copy genes during
this period was done almost cxclusively by autoradiography. There were
a few reports of some success in the nonisotopic detection of large
(25-50 kb) uniquc scquences using specialized procedures to amplify
signals from cither AAF-labeled probes using, interference reflection mi-
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croscopy (Landegent et al. 1985) or biotin-labeled probes for mapping in
Caenorhabditis elegans using image processing (Albertson 1985). Thesc
procedures were not widely adopted over radioactive techniques, largely
because of limitations of sensitivity and rcproducibility in a growing
number of nonisotopic methods. Recently, the overall performance of
the technology in terms of a combination of hybridization efficiency,
signal-to-noise ratios, sensitivity, and resolution was sulfficicntly cn-
hanced to allow fluorescence in situ hybridization to emerge as an in-
valuable tool with far-reaching applications in genetic, cell biological,
virological, and clinical investigations.

The difficulty of applying these techniques for single-scquence
detection had been generally considered a consequence of limitations in
detection sensitivity. However, the most recent advances in the success
of this technology usc innovative dctection techniques described several
years carlier and derive primarily from improvements in hybridization
conditions and other parameters of the total process. Our laboratory’s
contribution has not been in the development of detection techniques
but in analytical investigation of the most successful conditions for high-
clficiency cytological hybridization with nonisotopic probes.

QUANTITATIVE ANALYSIS OF HYBRIDIZATION
PARAMETERS

Conceptually and technically, the process of hybridization and detection
of specific nucleic acids within cytological material is complicated rcla-
tive to the straightforward situation in which isolated nuclcic acids
stripped of protein arc bound to a uniform substance, such as a nitrocel-
lulose filter. For analytical purposes, the steps of in situ hybridization
. can be divided into threec main components, cach of which is essential
for success:

1. Preservation. Target sequences must be well-preserved through-
out hybridization but rcmain in an accessible state within the
biological material. Although this is especially critical for RNA,
it is an important consideration for detection of nuclear or
chromosomal DNA as well.

2. Hybridization. The probe must hybridize the target molecules
with high cfficicncy without substantial nonspccific adherence
to biological material, which is inherently rcactive.

3. Detection. The reporter must bind to the probe in sufficient
quantitics to give a detectable signal, while sources of non-
specific background from the detector or the cellular material
itsclf arc minimized. .
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Failure of any one parameter in any of these components results in
a lower signal-to-noise ratio and a loss of sensitivity for a given detection
system. The potential of nonisotopic probe technology could not be fully
realized until important parameters were identified, optimized, and put
together in the appropriate combination to push the practical capabil-
ities of this technology closer to its theoretical potential. To this end, we
emphasized quantitative characterization of hybridization and detection
paramecters to provide higher hybridization cfficiency. The goal for
single-copy genes was to obtain hybridization efficicncies high e¢nough
to provide sister-chromatid labeling and nonstatistical localization. Mi-
croscopy was gencrally too laborious and subject to internal variation to
allow a very thorough analysis of numcrous hybridization paramcters
and their various combinations. An analytical approach was imple-
mented that allowed rapid quantitation of numerous paramcters and al-
lowed the success of the prescrvation, hybridization, and detection com-
ponents to be cvaluated separately. This was initially done for detecting
cytoplasmic mRNAs and later extended to nuclear DNA (Lawrence and
Singer 1985; Singer ct al. 1986, 1987; Lawrence et al. 1988). A number of
nonobvious paramcters were sorted out and unexpectedly found to be
important.

Somc of the key paramcters identified for single-scquence detec-
tion by this quantitative approach are illustrated below, and other tech-
nical details can be found in previously published reports (sce Lawrence
ct al. 1988, 1989, 1990a) and in the bricl protocol provided at the end of
the chapter.

Reducing avidin background for detection of
biotinylated probes

We initially used 123I-labeled avidin to assess a mcans of reducing the
widely reported nonspecific adherence of this protein to cytological
matcrial, as summarized in Table 1 (Singer et al. 1987). The main con-
clusion of this work was that the presence of phosphate-bullered saline
(PBS), which had been generally used previously (Langer-Safer ct al.
1982; Singer and Ward 1982), promoted high nonspecific sticking of
avidin. This was to some extent surprising because avidin diluted in PBS
was routinely used with success to detect biotinylated probes on filiers.
The nonspccific sticking of avidin can be reduced by approximately 90%
using sodium citrate, preferably of higher salt concentration (4x SSC).
Ncither acetic anhydride, nor detergents, nor changes in pH reduced the
avidin background. The various chemically modificed forms of avidin, de-
veloped commercially to reduce its background, arc unnccessary for this
purposc and in somc cascs give less-intensc signals than fluorescein-
avidin.

v



-

6 J.B. LAWRENCE

Table 1 125[-labeled avidin bound to cells with various treatments (average of
duplicate samples)

Counts per
Treatment minute
No cells (glass coverslip; 1x SSC) 139
With cells (1x SSC) 1,348
Acetic-anhydride-treated cells (1x SSC) 1,365
Triton-treated cells (1x SSC) 1,905
Cells in PBS 16,406
Cells in PBS with 100 pg/ml cold avidin 1,288
Cells in PBS with | mg/ml cold avidin 928
Cells in 4x SSC (pH 5.2) 1,174
Cells in 4x SSC (pH 6.2) 844
Cells in 4x SSC (pH 7.2) 1,235
Cells in 4x SSC (pH 8.2) 747

Data from Singer ct al. (1987).

Hybridization kinetics

Further analysis demonstrated that the fluoresccin-avidin detection,
when applied under appropriate conditions, was extrcmely scnsitive but
that the hybridization component was failing (Fig. 1A).

Figure 1 (A) An early attempt at fluorescence detection of hybridization to single-
copy genes, illustrating a common result of hybridization with low probe concentra-
tions (no specific signal) and large probe fraament size (high spotty background). This
experiment used probes labeled with both 3Zp and biotin and showed that the detec-
tion component was working with sensitivity, but that the hybridization component
was failing. The hybridization conditions led to high background and no specific si%nal.
(B) Total human genomic DNA or Escherichia coli DNA was nick-translated with 2p
dCTP and hybridized to samples of Hela cell chromosome preparations, and the
results were quantitated by scintillation. Effect of time: (Open squares) Human DNA
probe; (closed squares) E. coli control probe to assess background. Hybridization was
carried out for the times indicated at 37°C at a constant concentration of 4 ng/10
ul/sample. Each point represents the average of triplicate samples. Effect of con-
centration: The probe concentration is expressed as the nanograms of probe applied
per sample in 10 pl of volume. (Open circles) Human DNA probe; (closed circles) E.
coli control probe to assess background. Hybridization was carried out at 37°C for 16
hr, and each point represents the average of duplicate samples. (Reprinted, with
permission, from Lawrence et al. 1988.) (C) Fluorescence detection of sequences
within interphase nuclei. The EBV BamH! W probe was hybridized to Namalwa cell
nuclei. Note that two viral genomes are visible in the smaller G, nucleus (right),
whereas four signals are observed in the larger tetraploid or G, nucleus. {Reprinted,
with permission, from Lawrence et al. 1988.) (D) Two probes BamH! W and A), sepa-
rated by 130 kb within the EBV genome, were hybridized simultaneously to Namalwa
cell nuclei. The presence of four tightly clustered spots of two different intensities (due
to two different-size target sequences) is observed in many G, nuclei. (Reprinted, with
permission, from Lawrence et al. 1988.) (E) Diagram illustrating the interpretation of
the pattern shown in D and described in the text.
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= A similar quantitative approach was applied for optimizing
hybridization to chromosomal and nuclear DNAs. To gencrate sufficient
signal for rapid quantitation of many samples, we used total human
DNA labeled with 32P as a probe for hybridization to standard prepara-
tions of chromosomes. Numcrous technical parameters were tested, and
two are presented here to illustrate the approach.

The eflficicncy of hybridization to single-copy sequences was
gencerally low as analyzed by autoradiographic techniques, and standard
protocols called for long hybridization times (1-4 days) and low con-
centrations of probe (<1 ng per sample) (Gerhard ct al. 1981; Harper ct
al. 1981; Harper and Marsclle 1985). In Figure 1B, the kinctics of the in
situ hybridization process were cvaluated on the basis of triplicate
samples in replicate cxperiments. The striking fcature of these results
was that hybridization rosc very sharply, with the reaction being onc-
third maximal in just 10 minutes and cssentially complete within 4
hours. In some experiments, a slight decreasc in signal occurred with
prolonged incubations, probably because of dissolution of the sample.
Sincce hybridization of low-copy scquences should continue to occur over
a longer period of time, these results first indicated that the rapid rean-
nealment of chromosomal DNA may limit hybridization efficicncy and
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Figure 1 (See facing page for legend.) .
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should be competed with extremely high probe concentrations, rather
than prolonged hybridization times and low probe concentrations.

These conclusions led us to evaluate the effect of probe concentra-
tion on signal and noise, since high probe concentrations are gencrally
considered prohibitive because of increased background. Repcated cx-
periments yielded similar results, as illustrated in Figure 1B. Note that
hybridization was still rising rapidly at 200 ng per coverslip (10 pg/ml or
over 100 times more DNA than was used routinely in hybridizations),
whercas background increased only very gradually. Hence, at high probe
concentrations, the extent of hybridization is much greater, although the
signal-to-noisc ratio can be as good as or better than that at low con-
centrations, since hybridization rises more sharply than background.
These results suggested that better hybridization cfficiencics could be
obtained by changing in situ hybridization strategies to relatively short
hybridization times and high probe concentrations, which would or-
dinarily be expected to be well above saturation. However, in other ex-
periments, it was determined that high concentrations of nonisotopic
probes, such as biotinylated probes, could only be used successfully il
another key parameter, the probe [ragment size, was carcfully control-
led.

Probe fragment size

For [ilter hybridization, it is rcasonably assumed that two labeled prepa-
rations of the same probe that have cquivalent specific activitics will
yicld comparable results. This is emphatically not the casc for in situ
hybridization bccausc the fragment size after labcling (commonly by
nick translation) impacts on:

1. The penetration of the probe into the cytological material. This
factor has been considered previously by scveral groups and is
particularly important [or tissuc sections and intact cclls.

2. The nonspeciflic adherence of the probe to cytological matcrial
(Lawrence and Singer 1985; Singer ct al. 1986; Lawrcence ¢t al.
1990a). This is an extremely important paramcter for in situ
hybridization, especially with nonisotopic probcs. Probe stick-
ing has bcen a very common source of failure in the past.

3. The nctworking of the probe to amplifly signals (Lawrence and
Singer 1985).

4. The iterative detection of individual molccules (i.c., if scveral
probe [ragments hybridizc to a single target scquence, the sig-
nal will be distributed diffcrently than the noisc). This is most
clearly observed for electron microscopy detection (Singer ct
al. 1989), but it is also a significant factor in generating high
signal-to-noisc ratios with [luoresgence.
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Other technical variables

Other parameters found to influence the quality of the results were the
frozen storage of slides and their "hardening" by baking before denatura-
tion; minimizing pretreatments prior to denaturation; omitting RNasc A
digestion prior to hybridization (which is gencrally unnecessary but can
be replaced by RNase H after hybridization); testing of lots of forma-
mide for neutral pH, correct melting point, and effectivencss for
hybridization; careful monitoring of time, tempcrature, and pH during
the denaturation step; and autoclaving the dextran sulfate, which chemi-
cally modifies it in such a way that it causes less nonspecific sticking of
probes at high concentrations. In addition, a variety of other steps that
existed in the literature were tested and found to be unnecessary. For ex-
ample, extensive rinsing of the samples made no difference in the
results, and proteinase digestion was generally found to be unnccessary.
Acetic anhydride, useful for some cell types with high cndogenous back-
grounds, is not necessary for chromosomal hybridizations.

HIGH-EFFICIENCY FLUORESCENCE HYBRIDIZATION

Wec emphasized fluorescence, as did other investigators, because it is the
simplest yct highest-resolution detection and because initial attempts in-
dicated that it could be quite scnsitive provided hybridization were im-
proved (Fig. 1A). With attention to the variables identificd above, we
demonstrated that a one-step fluorescein-avidin detection, without
amplification or imagc-processing procedures, could detect single sc-
quences as small as 5 kb by standard [luorescence microscopy
(Lawrence ct al. 1988). Although [irst donc with biotinylated probes, the
same conditions can be used to detect smaller sequences of a few
kilobases or less using digoxygenin-labeled probces, for instance, to
detect single copies of thc human immunodeficicncy virus (HIV)
genome (Lawrence ct al. 1990b). This work showed that it was possiblc
to obtain cxtremely high hybridization clficiency and low backgrounds,
such that bona fide hybridization to fragments of an integrated Epstcin-
Barr virus (EBV) genome could be confidently identificd in greater than
90% of individual mectaphasc or intcrphase cells. Identical sister-
chromatid labeling, coupled with negligible background (sce Fig. 9A), al-
lowed unequivocal localization within a single celt, qualitatively distinct
{rom autoradiographic or enzymatic procedures that werc statistical in
nature. In addition to applications for chromosome mapping, this work
showed it was possible to detect and localize single secquences within in-
terphase nuclei preciscly, which had implications for both gence mapping
and the study of nuclear organization.

The demonstration that very tightly linked DNA scquences within
dccondensed interphasc nuclei could be resolved by light microscopy
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(Lawrence ct al. 1988) was an initially surprising outcome of this work
and revealed that genes must be farther apart than would be predicted
by the total condensation of nuclear DNA, known to be 1:1000 or greater
(Lewin 1985). In the Namalwa cell line studied, the EBV genome was in-
tegrated on only onc chromosome-1 homolog, yet paired fluorcscent sig-
nals separated by 0.2-3 pm were observed in the vast majority of inter-
phase nuclei. Further analysis provided cvidence that the two spots
represented two copics of the EBV genomc incorporated at a singlc
chromosomal site, which became apparent in the less-condensed inter-
phase nucleus (Fig. 1C). The observation that larger nuclei, cither in G,
phasc or tetraploid, frequently had two "pairs" of spots (Fig. 1C) was [ur-
ther consistent with this interpretation. Closc cxamination of mctaphase
chromosomes, in which the DNA is more condensed and the two signals
may coalesce, showed that the signal on cach sister chromatid consists
of a doublet of two very closcly spaced {luorescent spots (up to 0.4 pum
apart). Hence, the G, content of the metaphase cell also produced two
pairs of spots. Thesc results, indicating the presence of two viral
genomes, coupled with evidence for only onc sct of virus-cell junction sc-
quences (Matsuo ct al. 1984) suggested that a duplication of viral and
adjacent cellular secquences occurred during or alter integration.

To verily this interpretation and to test further the resolving power
of the technology, cxperiments werc conducted to determine whether sc-
quences at opposite cnds of a single EBV genome could be simulta-
ncously and individually visualized at interphase. In many nuclei,
hybridization to the A [ragment of cach viral genome could be visually
resolved from hybridization to the corresponding W [ragment, scparated
by only 130 kb. Four tightly clustered spots were discernible in many in-
terphase nuclei, two of which werce dimmer and two of which were
brighter, as shown in Figure 1D. Because the smaller A fragment (12 kb)
consistently showed a dimmer signal than the larger W fragment (30
. kb), it was surmised that the two dimmer spots represented A and the
brighter spots rcpresented W. The four uniformly bright spots obscrved
in larger G, or tetraploid nuclei hybridized with just the W probe (Fig.
1C) were qualitatively different from the clustered spots of two different
intensitics observed in smaller (presumably G)) nuclei hybridized simul-
tancously with A and W. Occasionally, the configuration of these four
spots appearcd in an extended lincar array, as shown in Figurc 1D, in-
dicating that the oricntation of the two integrated EBV genomes was W-
A-A-W (Fig. 1E) and that roughly 220 kb of ccllular DNA scparated
them.

These results were corroborated by a different approach. If the W-
A-A-W oricntation were correct, it would predict that the distance be-
tween signals with the W probe alone would be greater than with the A
probc alonc. Scparate hybridizations werc conducted, and the average
distances between paired signals were dclqlmincd in 125-150 randomly
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~selected nuclei. The average distance between A-A was consistently dif-
ferent from that between W-W in the predicted direction (0.99 £ 0.09 vs.
1.74 + 0.14, respectively). This difference was highly significant statisti-
cally (p <0.001), confirming the above results which indicated that the
EBV genome integrated as an inverted repeat in a W-A-A-W orientation.
These data also provided an independent assessment of the distance be-
tween the two genomes as approximately 340 kb. The two estimates of
this distance (220 kb and 340 kb) derived by two diffcrent approaches
were relatively close, given the expected difficulty of approximating
molccular distances on the basis of in situ hybridization.

These results led us to proposc an approach to genc mapping,
termed interphase chromatin mapping (Lawrence ct al. 1988), whereby
the physical proximity of tightly linked DNA scquences could be directly
evaluated by hybridization to interphase nuclei. Studics were then in-
itiated aimed at cxploring and further developing the potential of inter-
phase and mectaphasc fluorescence hybridization for genome analysis, as
described below.

APPLICABILITY FOR HUMAN GENE MAPPING

The Human Genome Project is in an carly stage of an ongoing world-
wide cffort to produce a genomic map of markers having an initial
resolution of 1-5 ¢M, upon which a much-higher-resolution map will be
bascd. Figure 2 gives an overview of the range of DNA distance measure-
ments approachable by established mapping techniques and compares
these with fluorescent in situ techniques. Genetic recombination analy:-
sis is an essential method for localizing discase genes with a limit of
resolution of approximately 1 ¢cM (=1 Mb), but it can only be used for sc-
quences containing a restriction-fragment-length polymorphism (Bot-
stcin ct al. 1980). Scquences less than | Mb apart are approachable by
the technique of pulsed-ficld gel clectrophoresis (PFGE) (Schwartz and
Cantor 1984; Cantor ct al. 1988), provided speciflic restriction enzymce
sitcs arc appropriately distributed in the arca of interest. Somatic cell
hybridization (Ruddle 1973; Ruddlc and Creagan 1975) and autoradio-
graphic in situ hybridization (Gerhard ct al. 1981; Harper ct al. 1981)
have proven invaluable for localizing scquences to specific chro-
mosomes or chromosome segments, but these techniques gencrally pro-
vide less resolution, in the range of 104 to 105 kb. Although both genetic
recombination and PFGE arc cnormously usclul approachcs, there is a
strong nced for alternative or complementary physical linkage mapping
methods capable of resolving anonymous DNA scquences 1-2 Mb or less
apart. It would be particularly valuable il such mecthodology could be ap-
plicd across a broad range of genctic distances to help bridge what is
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Figure 2 Comparison of the range of DNA distances over which different gene
mapping techniques can be used. Lighter regions of each bar indicate a range for
which the method has variable utility. Techniques are displayed from top to bot-
tom in approximate chronological order. (Gray bars) Fluorescence in situ
hybridization approaches; (black bars) other techniques. (PFGE) Pulsed-field gel
electrophoresis; (CFTR) cystic fibrosis transmembrane regulator.

Figure 3 Hypothetical outcomes after hybridization of two single-copy probes to in-
terphase and metaphase cells. Simultaneous hybridization of two probes to cytogenetic
preparations containing both metaphase chromosomes and interphase nuclei is visual-
ized by routine fluorescence microscopy. Unlinked or nonsyntenic sequences are readi-
ly resolved at both metaphase and interphase (A). Metaphase cells have a G, DNA
content and hence twice as many signals as G, interphase cells because of tﬁe identical
labeling of sister chromatids. Loosely linked sequences (B) will be resolvable along the
chromosome length and show only a distant pairing within interphase nuclei. As se-
quences from the same chromosomal region become closer, they will no longer be re-
solvable along the chromosome length but may be separable across the width (C). Se-
quences difficult or impossible to resolve at metaphase will still be clearly visualized as
closely paired signals within decondensed interphase nuclei (D), with the distance be-
tween paired signals proportional to DNA distance. The closest physical linkage (E)
would be represented by sequences too close to resolve at either metaphase or inter-
phase. The empirical support for these possible outcomes is provided in the following
figures: Figure 4, outcome A; Figure 7A,B, oulcome B; Figure 7C, outcome C; Figure
7D-H, outcome D; Figure 71, outcome E.
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often a difficult gap between information provided by lower- and higher-
resolution techniques.

Results described above indicate the feasibility of coupling inter-
phase and metaphase analyses to assess physical linkage across a broad
range of distances, encompassing those approachable by autoradio-
graphic in situ hybridization, genetic recombination, and PFGE. Figure
3 outlines a potential approach for rapidly evaluating the location and
physical proximity of any two DNA segments. For clarity, a simple onc-
step detection scheme is described. Although not essential, multiple-
label hybridization techniques with three or more probes can be in-
corporated to enhance the speed of information acquisition. In the out-
lined scheme, the respective locations of unlinked or loosely linked se-
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Figure 3 (See facing page for legend.)
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quences are visualized on the metaphase chromosome. As sequences be-
come too close to resolve at metaphase, they are still resolvable over a
specific range in interphase chromatin, below which they coalesce into a
single interphase signal, indicating very tight linkage. A distinction is
made as to whether sequences are resolved along the length or the width
of metaphase chromosomes, sincc the width of the chromosome is of
sufficient dimension to encompass substantial lengths of DNA. The
feasibility and limits of resolution for outcomes depicted in Figure 1 arc
characterized below.

Metaphase mapping

Detection of genomic probes containing repetitive elements It was im-
portant for the general applicability of this approach that genomic
probes containing repetitive DNA be used, because direct fluorescence
detection currently requires a few kilobases of target scquences. Compe-
tition of hybridization to rcpetitive scquences using total genomic DNA
has been used routincly for filter hybridization, and for in situ detection
of whole-chromosome librarics (Lichter ct al. 1988; Pinkel ct al. 1988).
For single scquences, this was initially reported for cosmids detected
with HRP and interference reflection microscopy using competition with
Cot-1 human DNA (Landegent ct al. 1987). This approach has been indc-
pendently applicd in a fcw laboratorics for fluorcscence detection,
primarily for cosmids with »35-kb inscrts (Trask ct al. 1989; Lichter ct
al. 1990), and in our laboratory, it works routincly for phage probes with
10-kb inscrts (Staunton ct al. 1989; Lawrence ct al. 1990). Figurc 4 il-
lustrates simultancous localization ol a phage probe and a cosmid probe
using competition with unlabeled excess total human DNA and is repre-
sentative of more than 90% of the phage or cosmid clones tested. Figure
4 also illustrates that a straightforward "double label" can be obtained
using a single detection system by targeting different-size scquences.
Identical labeling of sister chromatids allows rapid and definitive identi-
fication of two genes within onc mectaphasce figure, in contrast with
autoradiographic or cnzymatic techniques with lower resolution that
may more rcadily detect smaller sequences (Garson ct al. 1987) but rc-
quire statistical analysis of many metaphascs to localize a single gene.

Comparison of different approaches An important and straightfor-
ward application of the ability to visualize hybridization within individu-
al mctaphascs is that a scquence may be rapidly localized in terms ol its
relative position along the length of unbanded chromosomes. Lichter ct
al. (1990) localized 36 chromosome-11 cosmids using imagc processing
to determine the ratio of signal position to total chromosomec length.
This work correctly ordered sequences comparable to results ol somatic
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Figure 4 Simultaneous visualization of two nonsyntenic genomic probes using
competition hybridization and intensity double-labeling. (A) Simultaneous hybridiza-
tion to the neu proto-oncogene and o~cardiac myosin-heavy-chain (MHC) gene in
the presence of 0.15 mg/ml of DNase-digested unlabeled total human placenta
DNA. Repetitive hybridization (see C.D) is almost entirely eliminated, allowing the
single-copy component of the targets to be detected. The phage and cosmid
probes give different signal intensities because of the smaller (12 kb) target size of
the MIHC probe (arrows) compared with the neu cosmid (35 kb). (B) DAPI total
DNA staining of chromosomes shown in A. Arrows indicate the positions of the
dimmer MHC signals (see A). The a-cardiac MHC gene previously localized to
chromosome 14 (Saez et al. 1987) can be regionally localized just beneath the
centromere on the long arm of this chromosome, and the neu gene has been pre-
viously localized to chromosome 17. (C.D) Hybridization of each genomic probe
separately in the absence of unlabeled excess human genomic DNA results in
hybridization to repetitive DNA dispersed throughout the genome. The singlecopy
sequence is masked by the repetitive hybridization, which produces light and dark
regions or “bands” on the chromosomes that vary depending on the particular
repetitive elements present in the probe. Residual repetitive hybridization can be
useful for visualizing chromosome morphology and aids in chromosome identifica-
tion. (C) Cosmid probe for the neu proto-oncogene (erbB2) (White et al. 1987). (D)
Phage probe for the a-cardiac MHC gene (Saez et al. 1987).

cell hybridization with dcleted chromosomes. Because the entire
cytogenetic map is currently expressed in terms of chromosome bands,
it was important that this technique could be coupled with cytogenctic
banding and that the respective precision of mapping by mcasurcment
versus banding be cevaluated by dircet corrclation. In colluborative cl-
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Figure 5 Comparison of metaphase gene localization methods. (A)
Autoradiographic detection of the Blast-1 gene on G-banded chromosomes using
a 3H-labeled cDNA probe. (Reprinted, with permission, from Staunton et al.
1989.) (B) Fluorescence detection on G-banded chromosomes. Metaphase figures
were Giemsa/trypsin-banded, photographed, and then rephotographed after
fluorescein-avidin detection of hybridization with Blast-1 genomic phage probes.
The total chromosome morphology was visible with fluorescein staining because of
residual hybridization to repetitive DNA, allowing precise alignment on 2 grid of
the Giemsa-stained and fluorescein-stained chromosomes, using centromeres and
telomeres as reference points (see D). Although the prior trypsin banding treatment
does weaken the hybridization signal slightly, this 20-kb target was still clearly
detectable. Data points are represented with smaller dots than those in A, to ac-
commodate the more precise placement of the fluorescent signals. (Reprinted, with
permission, from Staunton et al. 1989.) (C) Fluorescent detection on unbanded
chromosomes. Signals were localized by measuring along the chromosome length.
To correct for differential chromosome condensation, each data point was ex-
pressed as the ratio: distance from telomere to signal/total chromosome length.
(Reprinted, with permission, from Lawrence et al. 1990a, copyright AAAS.) (D)
Trypsin G-banded chromosomes and the corresponding fluorescent signal for the
Blast-1 gene, as described in B.

[orts, we have adapted various cytogencetic banding techniques, includ-
ing G, Q. and replication, for fluorcscence mapping of scveral human
genes (Staunton ct al. 1989; Takahashi ct al. 1989; Brown-Shimer ct al.
1990). Fluorcscence mapping has also been used in conjunction with
poslhybridization R-banding (Vicgas-Pequignot ct al. 1989). A dircct
comparison between banding versus measurcment (Fig. 5B,C) showed
(hat fluorescence mapping on cither banded or unbanded chromosomes
provides improved precision over autoradiography (Fig. 5A). However,
fluorcscence detection coupled with banding provided the most accurate
and precise placement, independent of chromosome condensation (Fig.
sB). This allowed the Blast-1 genc to be localized ncar the interface of
bands q21 and q22, a much smaller region than defined by the
autoradiographic localization to all of q21-q23 (Staunton ct al. 1989).
The Muorcscence deteetion results narrow the localization to a region ¢n-
compassing approximatcly 5-7 Mb of DNA, or approximately 2-3% of
the total chromosom¢ tength (250 Mb). The nonisotopic technique can
be done in 1-2 days, whereas the autoradiography takes from weeks to
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months. Restricting the measurements to highly elongated chromo-
somes (Fig. 5C, bar) decreases the range significantly, based on a small-
er sample size. However, this approach is still somewhat less precisc
than the localization obtained by coupling fluorescence detection with
banding. Furthermore, the range of measurements on elongated chro-
mosomes (Fig. 5C, bar) shifted the gene position slightly to a different
band on the ideogram than that identified by direct banding. We ob-
served a similar inconsistency for the dystrophin gene, known by several
criteria to map at Xp21.2 (Davies et al. 1983), but which maps just bclow
this to Xp11.4, based on average measurements. Correlation betwecn
measurcments and bands is subject to some inaccuracy because the
placement of bands on the ideograms is not based strictly on measurc-
ment, since rclative band position varies with condensation and other
technical factors (Harnden and Klinger 1985).

Chromosome banding procedures Giemsa/trypsin banding is a mcthod
of choice for high-quality banding patterns and was the first of several
banding proccdurcs that we coupled with fluorescence gene mapping.
However, Gicmsa stain is highly reflective, so simultaneous visualization
of bands and fluorescent signal is not possible. As illustrated in Figurc
SD for localization of the Blast-1 gene (Staunton et al., 1989), trypsin
banding can be performed and photographed prior to hybridization. The
slides are then rinsed in 3:1 mcthanol/acetic acid before hybridization to
remove the Giemsa and preserve the morphology of trypsinized chromo-
somes. The position of cach mectaphasc sprcad must be recorded and
rclocated for photography after hybridization, and the banded and
hybridized chromosome photographs must be properly aligned to obtain
an accurate placement. Although the quality of bands is not diminished
by this approach, the fluorcscent hybridization signals may be less in-
tensc.

. Q bands can be obtained by 4,6-diamidino-2-phenylindole dihydro-
chloride (DAPI) staining, which fluoresces blue, distinct from the
fluorescein or rhodamine generally used to detect signals. As illustrated
in Figurc 6, DAPI banding is cxtremcly simple, reproducible, and docs
not diminish hybridization signals. Although the dctail of the banding is
less than that obtainable by G-banding, the contrast of the bands is im-
proved by incorporation of 5-bromodcoxyuridine (BrdU) into late-
replicating DNA. DAPI staining is done after hybridization and viewed
with a scparate filter, so relocation of spreads is not nccessary, although
alignment of the two photographs for bands and signals is.

To avoid the nccessity for two photographs that must be aligned,
we have worked toward developing a rapid mcthod for simultancous
visualization of bands with hybridization signals by two-color fluorcs-
cence, using a commercially available double-label filter sct. BrdU in-
corporation into G bands (Vogel ct al. 1986) is.detected by addition of a
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B

Figure 6 Localization of PTPase gene on DAPI-banded human
chromosomes. (A) DAP! staining of chromosomes gives a Q-
banding pattern, which is enhanced by incubation of cell in BrdU 7
hr prior to fixation. Arrows indicate chromosome 19, which has a
morphology similar to that of chromosome 20 but is distinguish-
able by its Q-banding pattern. (Reprinted, with permission, from
Brown-Shimer et al. 1990.) (B) Fluorescein-avidin detection of
phage sequence of the human placental tyrosine phosphatase gene
(Brown-Shimer et al. 1990) on chromosome 20."
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Huoresceinated antibody to the probe-detection step, providing a rapid
and convenient means of chromosome identification (see Fig. 9F). The
important advantage is that bands and signals can be viewed and pho-
tographed simultaneously using a single filter set, which allows simulta-
neous dctection of fluorescein and Texas Red. This alleviates the prob-
lems associated with superimposing or aligning scparate images or the
shifts that occur while making double exposures using two different fil-
ters. BrdU banding takes advantage of the fact that G bands contain
primarily late-replicating DNA. Cells arc grown in BrdU for a period of
time that allows the cells in late S phase to progress to metaphase. Com-
mercially available anti-BrdU antibodics require that the DNA be dena-
tured; however, we have found that after hybridization, there is enough
denatured genomic DNA to produce an cxcellent banding pattern. The
resolution and contrast of the bands are good, although they vary in size
depending on the time that individual cells spent in S phase while cx-
posed to BrdU. Further details on this procedure are described clsc-
where (McNecil ct al. 1990).

Finally, hybridization to a spccific repetitive clement can be ex-
ploited for chromosome identification because line scquences are con-
centrated in the dark G bands and Alu scquences are concentrated in the
light G bands (Manuclidis and Ward 1984; Korenberg and Rykowski
1988). This is also a convenicent way to visualize signals and bands si-
multancously, although the contrast and resolution of the bands are not
as well defined as with other techniques.

Limits of metaphase mapping Simultancous localization of probes
along the length of unbanded chromosomes is clearly valuable for rapid-
ly determining the relative order of scquences. A key question concerns
the limit of resolution of this approach. To address whether metaphase
mapping can be used in the 1-Mb range, we used the large well-
chamclcn ized human dystrophin gene (Koenig ct al. 1987) as a test sys-

tem. This analysis (Lawrcnce ct al. 1990a) demonstrated that sequences
scparated by 1.1 Mb arc generally resolvable across the width of cach
chromatid, but only on more-condensed chromosomes (Fig. 7C). On
longer chromosomes from less-condensed metaphase spreads, the two
signals coalesced into one. Analysis of a large number of metaphascs for
hybridizations representing distances of 125, 375, 500, 675, and 750 kb
indicated that scquences separated by a few hundred kilobases or more
frequently produced barely resolvable signals on cach chromatid of
morc contracted chromosomes but that the configuration of "doublet”
signals was variablec and condensation-dependent. Hence, dystrophin se-
quences separated by 1 Mb were not resolved along the chromosome
length and could not be ordered. Even with two-color detection systems
(sce below), the chromosomal order of sequences separated by 750 kb
was not apparcnt. Other obscrvations indicate that the practical limits of
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metaphase mapping may be closer to a few megabases. For example,
hybridization to loosely linked neu and nerve growth factor receptor sc-
quences, separated on chromosome 17 by several centiMorgans (roughly
equivalent to several megabases), can be resolved and ordered along the
length of longer chromosomes but with little separation between them
(see Fig. 7B). The ability to order closely linked sequenccs on
chromosomes is limited because the chromosome width is of sufficient
dimension to cncompass substantial lengths of DNA.

Interphase mapping

Metaphase mapping is important for rapid localization to a small
chromosome region, but complete mapping of the human genome will
largely involve analysis of sequences not far cnough apart to be ordered
at metaphasc. Our initial work on the EBV genome, described above, in-
dicated that higher-resolution localization within less-condensed inter-
phase nuclei (routinely present on the same slides) provided the op-
portunity for mapping ata much higher resolution (Lawrence ct al.

Figure 7 Results of fluorescence in situ hybridization, presented in order of decreas-
ing physical distance. (A) Hybridization of a chromosome-1 sequence to cytogenetic
preparations of the Namalwa cell line, illustrating how a cytogenetic abnormality is evi-
denced by the nonidentical labeling of sister homologs. On the basis of an estimate of
250 Mb for the DNA content of chromosome 1, the duplicated sequences are sepa-
rated by 70 Mb of DNA. Note that three signals, rather than two, are observed within
the interphase nucleus. The duplicated sequences from one homolog are -5 pum apart
at interphase. (B) Simultaneous hybridization to neu (erbB2) and nerve growth factor
receptor cosmid clones, which are loosely linked and frequently resolvable along the
length of less-condensed metaphase chromosomes. These sequences have been local-
ized lo separate bands (17 q11.2-q12 and 17 q21.3-q23, respectively) and are =10
cM apart (~10 Mb) based on their respective proximity to the neurofibromatosis (NF1)
locus (White et al. 1987). (C,D) Resolution of sequences across the width of metaphase
chromosomes. After simultaneous hybridization of two probes separated by >500 kb,
two discrete signals on either side of the chromatid axis are frequently observed (C). In
contrast, hybridizations with probes separated by smaller distances generally result in
one fluorescent signal on each sister chromatid (D), as does single-probe hybridization.
The distance between paired signals on each chromatid is variable and relates to the
degree of chromosome condensation. (E) Interphase nucleus of male PBLs showing
hybridization to two sequences within the dystrophin gene separated by ~1050 kb. (F)
Same as in B, except sequences are separated by 375 kb. (G,H) High resolution of se-
quences within interphase nuclei of intact, paraformaldehyde-fixed WI38 fibroblasts
(derived from a female). {G) Dystrophin sequences separated by 650 kb are clearly
separated and resolvable in ~90% of the nuclei. (H) Very closely paired signals are fre-
quently (~20% in WI38) resolvable after hybridization with the acardiac MHC probe,
which is homologous to both the o and p MHC genes on chromosome 14 (Saez et al.
1987). () Lower magnification view of hybridization to two overlapping cosmid probes
for the neu proto-oncogene (erbB2). The probes produce one large signal for each
chromosome-17 homolog, with no evidence of closely spaced pairs. These sequences
are generally localized in the internal region of lymphocyte nuclei and hence illustrate
the maximal degree of homologous pairing of any sequences tested thus far. (C-/
reprinted, with permission, from Lawrence et al. 1990a, copyright AAAS.)
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1988). It indicated that the order of sequences could be determined ei-
ther (1) on the basis of the distances between probes hybridized two at a
time or (2) by visualizing the interphasc configuration of three or more
signals simultaneously. It was important to assess whether average inter-
phase distance correlated with linear DNA distance in the valuable 100
kb to 1 Mb range, since the folding and looping of the chromatin fiber
(Paulson and Lacmmli 1977; Lewin 1985) might distort this relationship
at these distances. Becausc so little is known about higher-level
chromatin packaging, it could not a priori be predicted how this rela-
tionship might vary in different cells or different arcas of the gecnome.
Trask ct al. (1989) showed a correlation between interphase distance and
known DNA distance up to 250 kb in the dihydrofolate reductasc (dhfr)

Figure 7 (See facing page for legend.)
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Figure 8 Relationship between DNA distance and
interphase distance of dystrophin sequences. Symbols
indicate the average * S.E.M. All points were

i determined in normal PBLs, except that the 1-Mb
distance was determined in both PBLs (circles) and in
primary G,-arrested WI38 fibroblasts (triangle).
(Closed symbols) Data sets of 35-60 nuclei; (open
09+ circles) data sets of 16-20 nuclei. Distances present-
ed in micrometers have been corrected for magnifica-
tion. The curve was derived by third-order regression
analysis from PBL data and is presented for empha-
sis. Although the relationship in this size range ap-

INTERPHASE DISTANCE (microns)

o7 pears generally linear, the larger picture would pre-
dict 2 curve with a gradually decreasing slope, as sug-
gested by other observations for smaller (MHC, 25—
30 kb = 0.1-0.2 um) and larger distances (6 cM, ~
°~50 ) 0‘5 "y kb = 2.81 pm; 70 Mb = 6 pm). (Reprinted, with

permission, from Lawrence et al. 1990a, copyright
DNA DISTANCE (Mb) AAAS)

locus of the Chinese hamster cell line. The correlation was sufficient to
allow correct ordering of several cosmids in this range. To study normal
human sequences up to 1 Mb apart, we analyzed dystrophin scquences
within diploid human cells (Lawrence ct al. 1990a). As expected for X-
chromosome sequences, single-probe hybridization to male lymphocytcs
produced a single signal, with the exception of a small fraction of nuclei
(shown to be in G,) that contained two very closcly spaced signals
representing replicated DNA (Lawrence ct al. 1990a). In marked con-
trast, targeting two sites scparated by 1 Mb produced two precisc, closc-
ly spaced signals in the majority of nuclci (Fig. 7C), as did hybridizations
(o several smaller intervals ranging from 125 to 750 kb (Fig. 7D).
Hybridization with two overlapping cosmid clones (erbB2) produccd
only onc hybridization signal for cach of the two chromosome-17
* homologs in diffcrent parts of the nucleus (Fig. 71).

Importantly, smaller (300 and 375 kb) versus larger (675 and 750
kb) distances could be discerned by just a S-minute ecxamination pcr
slide dircctly through the microscopc. Despite a normally distributed
variation from cell to cell, average interphasc distances for a number of
intervals showed a strong correlation with known DNA distancc (Fig. 8).
The overall correlation in the 1-Mb range approximated lincarity, al-
though this represents a lincar region of a curve with a decreasing slope,
as indicated by the obscrvation that scquences scparated by 6 cM (=6
Mb) were 2.8 pm apart, and scquences 70 Mb apart were only about 6
pm apart at interphasc (sce Fig. 7A). The correlation is sufficient to al-
low correct ordering of distances differing by 75-150 kb in the 1-Mb
range (Lawrence ct al. 1990a) and possibly as little as 40-50 kb for
smaller distances (Trask ct al. 1989). Although the relationship between
interphasc distance and DNA distance is not yet fully characterized and
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-may vary with the particular region of the genome studied, it is en-
couraging that the three different systems studied thus far (EBV in hu-
man lymphoma cells, dhfr sequences in Chinese hamster cells, and
dystrophin gene sequences in normal diploid human lymphocytes) ex-
hibited similar condensations at a given distance. As shown in Figure 8,
the 1-Mb intragenic distance for dystrophin measured in two different
cell types (peripheral blood lymphocytes [PBLs] and G,-arrested WI38
fibroblasts) yielded remarkably close interphase distances.

The lower limit of interphase resolution is clearly less than 100 kb
for dystrophin sequences, and scveral observations indicate that sc-
quences separated by about 25 kb are just at the limit of resolution of
fluorescence microscopy (0.1-0.2 pm apart). Trask et al. (1989) showed
resolution of sequences separated by 25 kb for Chincse hamster
chromatin. We have observed resolution of EBV sequences scparated by
50 kb, and presumably as well as scquences in two highly homologous a-
cardiac MHC genes spaced 25-30 kb apart (Fig. 7H). Very small dis-
tances arc morc approachable by gel electrophoresis; however, it is likely
to prove important for ordering cfforts that two sequences only 25-100
kb apart can be visually discerned from overlapping clones (Fig. 71).

Collectively, these studics [rom our laboratory and others
demonstratc an approach to genc mapping whereby the physical
proximity of scquences, ranging from nonsyntenic to almost overlap-
ping, can be dircctly assessed within intact nuclei or chromosomes.
Using this cytological procedure, onc can visually rcsolve DNA sc-
quences one to two orders of magnitude closer than resolvable by gencet-
ic rccombination analysis, autoradiographic in situ hybridization, or
standard somatic cell hybridization. Estimates of actual DNA distance
arc approximate and should be based on an average of many nuclei be-
cause there is considerable intercell variation. However, it should bc ecm-
phasized that for most applications, quantitative statistical analysis is
not required because bricf microscopic inspection is sufficient to dis-
tinguish between the outcomes predicted in Figure 3 and between inter-
phasc distances differing by a few hundred kilobases. The order of three
probes can be casily assessed at interphase (or metaphase) using (wo-
color detection with dual-band filters (scc below). The amount of data
obtained from cach sample may be cnhanced further by development of
morc complex labeling schemes; however, these may not become widely
available without sophisticated imaging cquipment. This potentially
rapid and straightforward approach, clearly advantagcous for mcta-
phasc mapping, may provide a valuable complement or alternative to
other finc-structure mapping techniques, particularly PFGE. As sum-
marized in Figure 2, thec combination of interphasc and metaphasc fluo-
rescence hybridization provides a nceded approach for genc mapping
that extends across a broad range of physical distanccs.

There arc several types of genetic applications for which this tech-
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nique may be useful. This approach could greatly facilitate the ordering
of fragments from the same chromosomal region, which is often difficult
or impossible by the other techniques. A combination of metaphase and
interphase analysis might allow a relatively rapid means of ordering a
series of overlapping cosmids or ycast artificial chromosome (YAC)
clones or of screcning clones for those close to a marker for a discase
gene or those lying between two flanking markers for a sequence of in-
terest. Using irradiation hybrids (Cox ct al. 1989), it has recently bcen
shown that the frequency of chromosome breakage after irradiation cor-
relates with genomic distance. In situ hybridization could be coupled
with an analysis of :rradiation breakage between two Or more probes
directly in individual cclls, obviating for many purposes the nced for
laborious production and characterization of numerous hybrid clones.

SPECIALIZED MICROSCOPY TECHNIQUES

Recent ycars have seen 2 dramatic increasc in sophisticated cquipment
used for analysis of visual data, particularly for fluoresccnce mMicro-

Figure 9 (A) Propidium-iodide-stained chromosomes showing fluorescein detection of
an 18-kb sequence of the integrated EBV genome on each sister chromatid of chro-
mosome 1. (B) A localized "track” of EBV RNA, showing the nondiffuse distribution of
primary transcripts within the nucleus. These tracks become especially elongated in the
osmotically swollen nuclei of cytogenetic preparations, as shown here. (Reprinted, with
permission, from Lawrence et al. 1989.) (C) Hybridization ofa chromosome-17-
specific centromeric repeat, which has weak homology with other centromeres, shows
the distribution of several centromeres throughout the nucleus (counterstained with
propidium iodide). The brightest signals indicate the positions of the chromosome-17
centromeres. Note that the relative positions of the centromeres and the nucleoli {two
deeper red bodies) are easily determined using this approach. (D) Metaphase spread
from yirradiated human lymphocyte culture showing chromosomes 1,2, and 4
painted via fluorescence in situ hybridization using FITC and counterstained with
propidium iodide. Chromosome 2 is translocated to another chromosome. (Figure
courtesy of Joe Nathan Lucas and Manylin Boggensee of Lawrence Livermore Labora-
tory.) (E) Simultaneous visualization of hybridization signals with G bands identified by
BrdU incorporation. This is a single photograph illustrating results directly as they ap-
pear through the microscope without computer enhancement or alignment. The use of
two-color fluorescence allows direct visualization of the human Blast-1 gene on banded
chromosomes with a single dual-wavelength filter (Omega Corp.) One labeled chro-
mosome 1 is in the middle of the field, and the other is in the upper right (Reprinted,
with permission, from Lawrence et al. 1990a, copyright AAAS.) (F) "Double-label”
hybridization of two single-copy chromosome-17 sequences shown in interphase nuclei
and on metaphase chromosomes. Biotin- and digoxygenin-labeled probes are visual-
ized using a dual-wavelength filter that allows rhodamine and fluorescein images to be
simultaneously visualized with no optical shift in their positions. (G) Three
chromosome-17 sequences hybridized simultaneously, two in rhodamine and one in
fluorecein. Two sets of signals representing two homologous chromosomes can be
seen in this interphase nucleus. One set shows an unambiguous red:red:green order,
but the other has a less interpretable configuration. As the distance between sequences
increases, larger numbers of cells need to be analyzed to determine the correct order.
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scopy. An important very recent advance for standard fluorescence mi-
croscopy was the development of filter sets that allow the simultaneous
visualization of two fluorochromes, such as Texas Red and FITC. These
filter sets currently represent some compromise in the optimal condi-
tions for cach fluorochrome, so the intensity of signals may be reduced.
They work well for directly detecting single genes with fluorescent bands
(see Fig. 9E) or for precisely localizing multiple single genes (Fig. 9F).
The physical ordering of sequences along the chromosome or chromatin
fiber is greatly facilitated if different probes are distinguishable either by
size, as described above, or, more definitively, by color using two dif-
ferent detection methods. Detection of as many as three large-tandem-
repeat probes in different colors has been reported previously (Nederlof
et al. 1989). As illustrated in Figure 9F,G, the order of three single-copy
sequences can be determined using just two-color detection of probes

Figure 9 (See facing page for legend.)
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labeled, for example, with biotin and with digoxygenin. High-resolution
physical ordering requires extremely precise alignment of probes either
by simultaneous visualization using a dual-wavelength filter set or by su-
perimposition of separate images using sophisticated image processing.
Simple double- or triple-exposure photographs, as described for multi-
ple-color labeling of repeated sequences (Nederlof et al. 1989), are of no
use in the analysis of closely spaced single-copy probes because the
wavelength shift from one filter set to another is sufficient to cause a
loss of precise positional information. Accurate registration of images
using computer-assisted image processing is difficult and requires the
use of a fiduciary marker that appears in both pictures (see Lichter et al.
1989). The development of double-label filter sets helps to avoid the
equipment-intensive and often time-consuming computer-assisted analy-
sis of multiple-label experiments and is an inexpensive advance that is
becoming widely available.

The use of computer equipment provides other important ad-
vantages. For example, capturing images digitally allows them to be pro-
cessed further using software designed to enhance contrast and improve
the signal-to-noise ratio by averaging images to allow detection of small
signals. Direct visualization of biotinylated probes below 3 kb is difficult
using a one-step fluorescein-avidin detection, although, in general,
brighter signals can be obtained by antibody amplification (Pinkel et al.
1986) or 2 kb or smaller scquences can be detected by digoxygenin label-
ing. As illustrated in Figurc 10, a digital image of hard-to-seec non-
amplified biotin signals (2 kb) can be greatly enhanced to make the sig-
nal more obvious. Localization of sequences of less than 4 kb using an
ISIT camera and computerized image registration has been reported
previously (Albertson ct al. 1988; Vicgas-Pequignot ct al. 1989). Addi-
tionally, the recent tremendous increase in technologics for storage of
digital information has madec it more cost-cffective to archive much
larger numbers of digital images. Thus, measuring the relative distances
at interphasc or metaphase could be done by software application
dircctly from an image. An essential application for the study of nuclear
organization is that digital images can also be used to analyze the rela-
tive position of sequences within the interphase nucleus by taking a set
of serial images at different focal planes through the nucleus (optical
sectioning). These images can be processed using algorithms, which
remove out-of-focus light, and displayed together using softwarc for
three-dimensional viewing.

Another important development for three-dimensional analysis has
been the recent advances in design and commercial availability of confo-
cal microscopes, which optically remove out-of-focus information in the
image before it is captured and stored (Brakenhoff et al. 1985). This
strategy has been used to analyze the placement of various chro-
mosomes and highly reiterated sequences in interphase nuclei, but the
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Figure 10 Improvement of marginal signal by processing of a digital image. (A)
A 2-kb probe detected by standard fluorescence microscopy and then photog-
raphed using digital imaging microscopy. The two signals represent two copies of
the EBV genome in Namalwa cell nuclei. (B) The same image after application of
software for automatic contrast enhancement. Signals can be made even more
obvious by more sophisticated processing involving the merging of images cap-
tured at different wavelengths (C) or the thresholding of values in the display to
show only pixels with the highest intensity (D).

power of this approach for three-dimensional analysis of singlc-copy sc-
quences has not yet been exploited.

Finally, it should be noted that the fluorcscence hybridizations arc
amenable to quantitation and rapid analysis by techniques such as flow
cytometry. Flow cytometry has been coupled with fluorescence detection
of more abundant RNAs and DNAs, and this has significant potential for
rescarch and possibly diagnostic purposcs. This arca has been reviewed
recently (Bauman ct al. 1989). .
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POTENTIAL APPLICATIONS FOR ANALYSIS
OF CYTOGENETIC ABERRATIONS

The speed, convenience, and precision of nonisotopic probe-labeling
techniques make it feasible to apply cytological hybridization to the
characterization of cytogenetic aberrations for both research and, poten-
tially, diagnostic purposes. This potential has not been realized during
the past decade because it is only recently that methodological capabil-
ities have becen expanded and a larger number of clinically reclevant
probes have become available. The current status of this technology
makes possible a new arca of "molccular cytogenctics,” whereby stan-
dard karyotypic analysis is directly coupled with molccular biology. The
ficld of cytogenetics has been limited to analyzing relatively gross
chromosomal abecrrations bascd on banding pattcrns, which includes
deviations in whole chromosomes orf chromosomc segments containing
10 Mb or more of DNA. Using cytological hybridization, it is now pos-
sible to detect just a few kilobases of deleted or misplaced DNA any-
where within the genome. In the hunt f{or specific discasc gencs, a
molecular cytogenetic defect in the gene itself might be revealed because
any aberration resulting in nonidentical labeling of homologous chro-
mosomes is readily apparcnt by this techniquc. Clearly, the technology
has value for clinical rescarch into the ctiology of genetic discasc, but
the potential for clinical diagnostics is also strong. A [ew arcas of poten-
tial application to cytogenctic abnormalitics arc summarized below.

Chromosomal aneuploidy

Hybridization of chromosome librarics, chromosome-specific  cen-
tromere probes, or singlc-copy scquences can all make readily apparent
monosomics or trisomics of specific chromosomes. The most common
clinical abnormalitics in this catcgory arc wisomics 21, 13, and 18 and
the sex chromosome abnormalitics X0, XXX, XXY, and XYY. Using a
collection of several probes for the above chromosomes with multiple
labels, it should be possible to screen for scveral ancuploidics at once.
Although all of thesc aberrations arc rcadily detectable by standard
karyotypic analysis, an advantage of the in situ hybridization approach
is that it can be donc dircctly in interphasc cells, making it unnecessary
to culture cells, such as amniotic fluid cclls. Cremer et al. (1986) dc-
scribed the use of "interphasc cytogenetics' for detecting trisomy 18, and
other investigators have uscd this approach, for example, for demonstra-
tion of trisomy 21 (Lichter et al. 1988; Pinkel ct al. 1988).

Translocations

Chromosome libraries or specilic repeats can also be uscd for the detec-
tion and characterization of translocations, as shown in Figurc 9D. This
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strategy is applicable to the detection of specific translocations known to
characterize particular types of cancers. In addition, translocations that
appear to be balanced can be analyzed much more precisely using a bat-
tery of probes for a specific chromosomal region. Translocations may be
even more readily detected at interphase using two probes known to
flank the breakpoint, which will be detected unusually close together (on
the same chromosome) when the translocation is present. We are cur-
rently using two-color hybridization to screen for probes between flank-
ing sequences.

Deletions

Submicroscopic deletions involving a few kilobases or more of DNA arc
readily apparent by in situ hybridization. There are many areas in which
this might be useful, for example, in carrier dctection. Heterozygous
gene deletions are difficult to identify by Southern blot analysis because
hetcrozygosity is manifest only as the change in intensity of a band,
which is often difficult to discern. In contrast, with in situ hybridization,
heterozygosity is readily apparent as the total absence of signal on onc
homolog. (The presence of signal on the other homolog serves as an in-
ternal positive control.) Becausc hybridization cfficiency is high (>90%).
deletions can be confidently identified by analysis of just a few cells. An
example of how in situ deletion detection might be uscful is provided by
Duchennc’s muscular dystrophy, for which the most common molccular
defect has been identified as deletions of 6 kb or more in the dystrophin
gene (Koenig ct al. 1987). Once a specific deletion is identificd in an af-
fccted male by filter hybridization with different probes, female family
members can casily be screened for the same deletion using metaphasc
or interphasc analysis (J.B. Lawrence and J.A. McNeil, in prep.) Affected
individuals themsclves might be screened with a small battery of probes
for the most common delctions. As specific defects in inherited discascs
oricancer arc identified and characterized, the number of potential ap-
plications will grow. This application may prove to be very important in
the diagnosis of tumor suppressor genc deletions in interphase cclls.

NUCLEAR ORGANIZATION

Efforts to describe and completely understand the organization of com-
plex genomes will ultimately include investigations into the three-
dimensional organization of these genes in their functional statc at inter-
phase. The nuclear genome is not simply a lincar structure; hence, it is
important not only to provide a detailed lincar map and scquence, but
also to scck concomitantly the basic principles and functional sig-
nificance of its total in vivo organization. High-resolution in situ hy-
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“We finished the genome map, now we can't figure out how to fold it’"

bridization provides a powerful approach for investigation of higher-
level chromatin packaging, localization of specific gencs within the
nucleus, potential changes in nuclcar organization with different func-
tional states, and the processing and transport of nuclear RNAs.

Efforts to understand the relationship between gene organization
and gene function may be most appropriately applied to chromatin in its
functional state, at interphase. In recent years, much has been learmed
about the nucleosome structure of chromatin (for review, sce Hamkalo
and Rattner 1980; Georgicv ct al. 1981; Wcisbrod 1982), but, as men-
tioned above, little is known about the higher-level organization. Since
first proposed (Rabl 1985), an order to the three-dimensional distribu-
tion of chromatin in the interphasc nucleus has been suggested by a va-
ricty of cytological obscrvations (Comings 1968, 1980; Crcmer ct al.
1982; Agard and Scdat 1983; Manuclidis 1984, 1985; Schardin ct al.
1985: Hochstrasser ct al. 1986; Hochstrasser and Scdat 1987), and it has
been suggested that active genes arc localized in specific nuclear
domains (Hutchinson and Weintraub 1985). However, the detailed in-
vestigation of nuclear organization is at an carly stage and has bcen
restricted primarily to repetitive secquences or nuclear landmarks, such
as the nucleolus. Much more refined analysis can now be done because
the tools are now available for localization of specific single-copy gencs
within nuclei. This type of analysis showed, for cxample, that the EBV
genome was confined to the inner 50% sphere of the nucleus, strongly
indicating a sequence-specific higher-level order within interphase
chromatin (Lawrence ct al. 1988). )



FLUORESCENCE IN SITU HYBRIDIZATION 31

Fluorescence hybridization at interphase or metaphase can also
provide important information about intermediate folding or "packag-
ing" of chromatin. DNA is complexed with histones into a 300-A fiber,
which provides a packaging ratio of 25-40:1 (Weisbrod 1982; Lewin
1985), and although higher-level looping seems to occur (for review, sce
Hamkalo and Rattner 1980; Lewin 1985), exactly how the 300-A fiber is
folded into chromatin and chromosomes is unknown. Direct measurec-
ments of physical distance at interphase bctween closely spaced gencs
has not been studied because of the unavailability of sensitive, sequence-
specific detcction methods. This type of investigation can now be donce
using nonisotopic in situ hybridization. Direct measurcment of distances
within the dystrophin gene resulted in several observations that provide
important clues about chromatin packaging and nuclear organization
(Lawrence et al. 1990a).

1. Initially, it was shown that the unexpected resolution between
closely spaced scquences was not primarily a conscquence of
the cytogenetic spreading methodology, since a comparable de-
grec of resolution was obscrved after hybridizations to intact
monolayer [ibroblasts preserved with paraformaldchyde.

2. Two different normal ccll types, PBLs and primary fibroblasts,
have a rcmarkably similar condensation despitc gross dif-
ferences in nuclear size and morphology (Table 2). This sug-
gests that for lengths of DNA up to 1 Mb, a fundamental level
of chromatin packaging is mcasurcd that is common to nuclci
with different gross nuclear organizations.

3. Similar to previous mecasurcments of condensation for in-
tegrated viral DNA in human cells (Lawrence ct al. 1988) and
hamster DNA (Trask ct al. 1989), the condcnsation for a
normal human genc at the 125-kb distancc is approximately

\ 1:73, close to the 1/40-1/50 packaging ratio (PR) predicted for
the 30-nm chromatin fiber (Lewin 1985). It must be considered
that the hybridization proccss may affect chromatin condensa-
tion; however, these results arc not inconsistent with estimates

Table 2 Changes in DNA condensation with increasing length
DNA distance (kb)

ratio Packaging
125 1:73

375 1:194

500 1:242

675 1:296

1050 1:334

1050 (WI138) . 1:347
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of overall condensation at interphase of 103 or more (Lewin
1985), because the distance between very close sequences is
less affected by higher-level chromatin folding. The PR in-
creases with DNA distance up to 1:334 at 1 Mb (Table 2). For
sequences separated by approximately 70 Mb on chromosomc
1 (see Fig. 7A), the PR increases dramatically to 1:2000-1:3000.
Since condensation at 1 Mb is still quite small, the repeating
unit of chromatin organization that establishes the greater PR
must involve significantly longer stretches of DNA.

4. 1n metaphase chromosomes, scquences just 1 Mb apart are fre-
quently separated across the chromatid width, suggesting that
the chromatin fiber may cross the chromatid axis in relatively
short stretches of DNA (sce Fig. 7C).

5. Replicated "sister-chromatin” genes arc closcly aligned within
SIG, interphase nuclei (see Lawrence ct al. 1990a). Considcra-
tion of this is essential for interphasc mapping and also
demonstrates an approach for precise timing of specific genc
replication within single cells.

6. Finally, for four different individual gencs, the homologous sc-
quences are not somatically paired within lymphocytes or
fibroblasts (scc Fig. 7).

An additional featurc of this methodology, which has alrcady pro-
vided important insights into nuclear structurc and has the potential (o
contributc to investigations of genctic discasc, is the ability to detect pri-
mary nuclcar transcripts from expressed  genes.  High-resolution
visualization of specific viral RNAs has revealed very localized, often
curvilincar, "tracks” of nuclcar RNAs (scc Fig. 9B) (Lawrence ct al.
1989). This strongly suggests a highly structured nuclear interior in
which RNA is not freely diffusing, and recent experiments suggest that
" this RNA may be tightly associated with a nonchromatin fibrillar matrix
(Y. Xing and J.B. Lawrence, in prep.). Detailed study of nuclcar RNA in
concert with DNA localization will provide important clues to the overall
organization and function of the genome. Other possible applications for
nuclcar RNA detection are [or investigating genetic discasc or for screen-
ing cloncd genomic DNA scquences to find thosc that arc expresscd.
Aberrant genc expression can result from a defect at one of sceveral steps
from gene to active protein. In Duchenne’s muscular dystrophy, a sig-
nificant fraction of genctic defects in the dystrophin genc (other than the
50% known to be dcletions) may result from defects in the cnormous de-
gree of processing that the dystrophin transcripts must undcrgo. Non-
isotopic in situ hybridization provides a potential tool for detecting
defects in RNA processing that may result in accumulated nuclecar RNA.
If defective RNA does accumulate, it may also reveal information about
where in the nucleus certain RNA processing steps occur.
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BRIEF HYBRIDIZATION PROTOCOL

Normal human PBLs are prepared by standard techniques from PBLs
using hypotonic treatments in 0.75 M KCl and fixation in 3:1 meth-
anol-acetic acid. Where needed, BrdU is added to the culture 7 hours be-
fore harvesting. Slides are air-dried overnight and then stored at -80°C.

Probes are nick-translated with biotin-16 dUTP or digoxygenin-11
dUTP (Boehringer Mannheim) by standard methodology. DNase I con-
centration is carefully monitored to provide fragments an average of
200-400 bp in length, taking care that the full range does not extend
beyond 700 bp. After nick translation, 20 pg each of sonicated salmon
sperm and Escherichia coli tRNA are added for every microgram of
probe. Probes are ethanol-precipitated to remove free nucleotides and
salt. The pellet is resuspended in water and stored at 4°C.

For each slide, 50-100 ng of cach probe plus 0.5-100 pg of compe-
titor (if required) are lyophilized in an microcentifuge tube. Slides of
cytogenctic preparations are baked at 65°C for 1-3 hours prior o
denaturation to harden and preserve morphology. For detection of DNA,
the slides are denatured in 70% formamide, 2x SSC, at 70°C for 2
minutes and then immersed in 70% cthanol until all of the slides arc
denatured. They should then be dehydrated through 95% and 100%
ethanol and air-dried. Lyophilized probe is resuspended in 10 pl of 100%
formamide and denatured at 75°C for 10 minutcs. Hybridization buffer
(10 pl) (2 parts 50% dextran sulfate, 1 part 10 mg/ml bovine scrum al-
bumin [BSA], 1 part 20x SSC, and 1 part doublc-distilled dcionized
H,0) is mixcd into cach tube, and the probe is then applicd to the slide.

Hybridization is performed at 379C for a minimum of 3 hours to
overnight. Samples are rinsed for 30 minutes cach in 50% formamide,
2% SSC at 37°C; 2x SSC at 37°C; and 1x SSC at room tcmpcraturc.
Slides arc stained with fluoresccin-avidin (10 pg/ul in 4x SSC, 1% BSA)
for 30-60 minutes at 37°C and rinsed in 4X SSC, 4x SSC/0.05% Triton,
and 4x SSC for 10 minutes cach. Anti-BrdU (Becton Dickinson; Boch-
ringer Mannhcim 1:1000) and/or antidigoxygenin (1:200; Bochringer
Mannheim) can be appliecd simultancously with the fluorescein-avidin.
Depending on the color of the fluorescent label, a counterstain may be
desired using cither DAPI or propidium iodide. Samples arc mounted in
antibleach media (90% glyccrol, 1x PBS, and 2.5% di-amidino-bi-cyclo-
octane (DABCO); Sigma) and viewed with epilluorcscence optics.
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