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Analysis ofpreviously unknown genetic aberra-
tions in solid tumors has become possible
through the use ofcomparative genomic hybrid-
ization (CGH), which is based on competitive
binding oftumor and controlDNA to normal met-
aphase chromosomes. CGH allows detection of
DNA sequence copy number changes (deletions,
gains, and amplfications) on a genome-wide
scale in a single hybridization. We describe here
an improved CGH technique, which enables reli-
able detection ofcopy number changes in archi-
val formalin-fixed paraffin-embedded tumor
samples. The technique includes a modified DNA
extraction protocol, which produces high mo-
lecular weight DNA which is necessaryfor high
quality CGH. The DNA extraction includes a
3-day digestion with proteinase K, which re-
markably improves the yield of high molecular
weight DNA. Labeling of the test DNA with a di-
rectlyfluorescein-conjugated nucleotide (instead
of biotin labeling) improved significantly the
quality of hybridization. Using the paraffin-
block technique, we could analyze 70 to 90% of
paraffin blocks, including very old samples as
weU as samples taken at autopsy. CGHfrom par-
affin blocks was highly concordant (95%) with
analyses done from matched freshly frozen tu-
mor samples (n = 5 samplepairs; K coefficient =

0.83). The method described here has wide ap-
plicability in tumorpathology, allowing large ret-
rospective prognostic studies ofgenetic aberra-
tions as weU as studies on genetic pathogenesis
of solid tumors, inasmuch as premalignant le-
sions andprimary and metastatic tumors can be
analyzed by using archival paraffin-embedded
samples. (AmJPathol 1994, 145:1301-1308)

Our newly developed molecular cytogenetic tech-
nique, comparative genomic hybridization (CGH),
provides a unique approach to detect and map clonal
DNA sequence copy number changes across the ge-
nome in a single hybridization.1'2 CGH is based on a
competitive in situ hybridization of differentially fluo-
rescently labeled whole genomic DNA probes, one
from the tumor and another from a normal reference,
which are hybridized to normal metaphase chromo-
some preparations. Regions of altered DNA se-
quence copy number (deletions, gains, and amplifi-
cations) in the tumor are highlighted and quantitated
as color ratio changes along each metaphase chro-
mosome. CGH has been used in the analysis of DNA
sequence copy number changes in a number of dif-
ferent solid tumors, such as breast, lung, and ovarian
tumors,3 that typically are very difficult to analyze by
using conventional cytogenetic methods.
The clinical value of CGH is currently not well es-

tablished. Our pilot prognostic study of archival fro-
zen samples from 48 node-negative breast cancer
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patients indicated that the total number of deletions
per tumor significantly predicted clinical outcome,
suggesting that CGH might possess important prog-
nostic potential by determining how genetically ad-
vanced the tumors are (Isola et al, submitted for pub-
lication). Evaluation of the prognostic and diagnostic
significance of genetic aberrations would be facili-
tated by analyzing archival paraffin-embedded tumor
samples from patients whose disease outcome is al-
ready known.
We describe here a modification of CGH that allows

analysis of genetic aberrations from archival formalin-
fixed, paraffin-embedded tissue samples. The use of
paraffin blocks as starting material required a modi-
fied DNA extraction method and optimization of DNA
labeling. The method is validated by comparing the
results from fresh tissues with those from the same
samples after formalin fixation and embedding in par-
affin. The method has been reproducible in our hands
and has proved effective for analysis of samples from
many different pathology laboratories, often after ex-
tensive (>48 hours) formalin fixation.

Materials and Methods
Tumor Samples

Selected archival paraffin block samples from breast
cancers were obtained from four different pathology
laboratories. Matched pairs of freshly frozen and ar-
chival paraffin-embedded tumor specimens were
obtained from five breast cancer patients from the
University of California, San Francisco. Paraffin-em-
bedded tumors had been routinely fixed in 4% neu-
tral buffered formalin, usually for more than 12 hours.
A colon carcinoma sample was fixed for 4, 24, and
72 hours in buffered 4% formalin to test the effect of
fixation. Histologically normal kidney was used as a
paraffin-embedded normal tissue control.

Extraction of DNA from Paraffin Blocks

Twenty to thirty 5-p sections were deparaffinized in
eppendorf tubes (2 x 1 ml xylene for 10 minutes
each and 2 x 1 ml 100% ethanol for 10 minutes
each). After air drying at room temperature, samples
were suspended in 1 ml DNA extraction buffer (0.3
mg/ml proteinase K (Sigma, St. Louis, MO), 100
mmol/L NaCI, 10 mmol/L Tris-HCI pH 8, 25 mmol/L
EDTA pH 8, and 0.5% sodium dodecyl sulfate) and
were incubated with shaking at 55 C overnight. Ad-
ditional proteinase-K (10 pl from 20 mg/ml stock so-
lution) was added 24 hours and 48 hours later for a
total incubation time of 72 hours. DNA was extracted

by using a phenol-chloroform-isoamyl alcohol
method. A 500-pI sample mixed with 500 pl phenol
chloroform isoamyl (Amresco, Solon, OH) was incu-
bated at room temperature for 10 minutes and cen-
trifuged. DNA in the top layer was collected and
precipitated with 250 p1 of 7.5 mol/L ammonium ac-
etate and 1 ml of ice-cold 100% ethanol. DNA was
pelleted by centrifugation (14,000 rpm for 20 min-
utes). Glycogen (0.1 mg/ml; Sigma) was added be-
fore centrifugation as a carrier to increase the volume
of the pellet. DNA was dissolved overnight in 20 to 40
pl of TE buffer (10 mmol/L Tris, 1 mmol/L EDTA) and
DNA size was estimated after denaturation (5 min-
utes at 70 C) by agarose gel electrophoresis with
ethidium bromide staining. DNA concentration was
determined with a fluorometer (Hoefer Scientific, San
Francisco, CA). For comparative experiments, DNA
was extracted from freshly frozen tumor tissues as
described previously.3

Labeling of DNA with Nick Translation

One microgram of tumor DNA (per 50 p1 of reaction
mixture, adjusted by distilled water) was mixed with
5 p1 of 10 x A4 dNTP mixture (200 pmol/L dATP, dCTP,
and dGTP; 0.5 mmol/L Tris (pH 7.2); 0.2 mmol/L
MgCI2; 100 mmol/L b-mercaptoethanol; 100 pg/ml
bovine serum albumin), 1 p1 (1 nmol) fluorescein-
12dUTP (DuPont, Boston, MA), 5 pl of DNA polym-
erase l/DNAse (0.4 U/pl and 40 pg/pl, GIBCO BRL,
Gaithersburg, MD) and 1 p1(10 U) DNA polymerase
1 (GIBCO)). The reaction time (45 to 60 minutes) and
the amount of DNA polymerase I/DNAse were ad-
justed to obtain a probe fragment size ranging from
300 to 3000 bp (detected by nondenaturing agarose
gels stained with ethidium bromide). Reaction was
stopped by a 10-minute incubation at 70 C. Normal
reference DNA was extracted from mononuclear cells
obtained from peripheral blood of healthy female vol-
unteers,3 and labeled as described above with Texas
Red-5-dUTP (DuPont).

Hybridization

Genomic DNA probes were hybridized onto normal
lymphocyte metaphase preparations essentially as
described elsewhere for frozen tissue DNA.36 In
brief, 100 ng of fluorescein-labeled tumor DNA, 100
ng of Texas Red-labeled reference DNA, and 10 pg
of unlabeled human Cot-1 DNA (GIBCO) were pre-
cipitated with 0.3 mol/L sodium acetate and two final
volumes of 100% ethanol. The DNAs were dissolved
in 10 pl of hybridization mixture (70% formamide, 10%
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dextran sulfate and 2X SSC, pH 7.0) and denatured
(5 minutes at 70 C) immediately before applying onto
slides. Slides were denatured in 70% formamide and
2X SSC (pH 7.0) at 74 C for 3 minutes, dehydrated in
graded ethanols, digested with proteinase K (0.1
pg/ml in 20 mmol/L Tris and 2 mmol/L CaCI2, pH 7.5)
at room temperature for 7.5 minutes, and dehydrated
again. Hybridization was done under sealed cover-
slips for 2 to 3 days at 37 C in a moist chamber. After
hybridization, the slides were washed three times in
a washing solution (50% formamide in 2X SSC, pH
7.0) at 45 C, twice in 2X SSC (pH 7.0) at 45 C, once
in PN buffer (0.1 mol/L NaH2PO4, 0.1 mol/L Na2HPO4,
and 0.1% Nonidet P40, pH 8.0), and once in distilled
water (both 10 minutes at room temperature).
Samples were counterstained with 4,6-diamino-2-
phenylindole in an anti-fade solution.

Controls

Validation of CGH by comparisons with karyotyping
and LOH analyses has been described elsewhere.6
Each CGH experiment included a fluorescein isothio-
cyanate (FITC)-labeled female mononuclear cell DNA
as a negative (normal cell) control sample, and a
FITC-labeled MCF-7 breast cancer cell line DNA as a
positive control. Selected tumor samples were also
labeled with Texas Red and hybridized with FITC-
labeled normal reference DNA to control for dif-
ferences in hybridization of FITC versus Texas
Red-labeled probes ("inverse" labeling CGH). Com-
parison between these two hybridizations confirmed
the presence of copy number aberrations at almost all
loci.

Digital Image Analysis

CGH hybridizations were analyzed using a Zeiss Ax-
ioplan microscope equipped with a 63x Neo-Fluar ob-
jective (Zeiss, Germany). Images were captured to
the digital image analysis system with a black and
white cooled CCD camera (Microimager 1400, Xillix
Technologies, Vancouver, Canada). The digital image
analysis system developed specifically for CGH has
been described previously.7 In brief, green and red
fluorescence images were captured and analyzed as
separate images. The fluorescence intensities were
determined from p-telomere to q-telomere by inte-
grating intensities (gray values in images) at one-pixel
intervals along the chromosome medial axis. After
background correction, normalization of the green-
to-red ratio for the entire metaphase to 1.0, green-to-
red fluorescence intensity ratio profiles were calcu-

lated for each chromosome. A whole chromosome
arm loss or subregional deletion was defined as hav-
ing a green-to-red ratio less than 0.85. Copy number
increase was defined as having green-to-red ratios
greater than 1.2.

Results
In initial experiments using the same DNA extraction
protocol as was used for frozen tissues, only a very
low yield (less than 1 to 2 pg, usually undetectable by
agarose gels) of low molecular weight (<2000 bp)
DNA was obtained. This material could not be used
successfully for CGH. High quality CGH was obtained
from ethanol-fixed paraffin blocks (data not shown)
suggesting specifically that formalin fixation led to
poor yield of DNA. A test tumor with samples fixed for
variable times showed specifically that degradation
of extracted DNA was inversely proportional to the
length of formalin fixation (Figure 1). A short fixation
(4 hours) yields relatively unfragmented DNA (a sharp
lane at about 20 kb, which is identical to what is ob-
tained from fresh tissues) whereas a degradation is
clearly evident with increasing fixation time. The yield
of DNA was also similarly proportional to formalin fixa-
tion. The sample fixed for 72 hours had only 15% of
the amount of DNA obtained from the sample fixed for
4 hours (corrected by cell counts in adjacent H&E-
stained sections).

To improve the DNA extraction, we tried several
published protocols. Isolation of entire nuclei from 50
p sections, as is done for DNA flow cytometry,8 pre-
treatment with 1 mol/L sodium isothiocyanate,9 or
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Figure 1. An ethidium bromide-stained 10 agarose gel showing the
size distribution ofgenomic DNAs extractedfrom the paraffin blocks.
In the left panel, lanes A and B represent archival breast cancer
samples showing a wide DNA size distribution from over 23 kb to less
than 600 bp. The following three lanes illustrate the inverse depen-
dence ofDNA size and the length offormalin fixation (fixationJbr 4,
24, and 72 hours, allfrom the same colon carcinoma sample). The
right panel shows the size distribution of nick-translated DNA probes
ofsamples A and B. The majority of the labeled DNA has an optimal
sizefor CGH, between 600 bp 2.3 kb.
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increase of the concentration of proteinase K up to 3
mg/ml10 proved only partially effective and did not
sufficiently improve the yield of DNA. The use of
multiple (20 to 30) thin (5-,u) paraffin sections instead
of one to three 50-p sections (routine for DNA flow
cytometry) and a prolonged (3 days) digestion of
proteins with proteinase K dramatically increased the
yield of high molecular weight DNA. Estimated by the
cell counts on adjacent H&E-stained sections (as-
suming 9.6 pg of DNA per cell), the efficiency of the
modified DNA extraction protocol was 10 to 30%.
The DNA extraction protocol has been successful in
80 to 90% of paraffin blocks attempted. Two ex-
amples of DNA from archival paraffin blocks demon-
strate that partially degraded DNA is typically ob-
tained (DNA fragment size varies from 200 bp to over
20 kbp; Figure 1).
A prerequisite for high quality CGH is that the ma-

jority of the nick-translated DNA be between 0.5 and
3 kb. In our experience, this can only be achieved
when the starting material (extracted genomic DNA)
has a significant proportion of high molecular weight
DNA fragments (4 to 20 kb; Figure 1). Using this ma-
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terial, we obtained optimally sized CGH probes after
labeling with nick translation, during which DNA is
typically further fragmented (Figure 1 B).

Another important step for optimization of our CGH
protocol was changing the DNA labels. The use of
directly fluorescein- and Texas Red-labeled probes
(instead of previously used biotin and digoxigenin la-
beling and detection with avidin-FITC and anti-
digoxigenin rhodamin) improved significantly the
quality of hybridization. Variation between different
observations (as evaluated by standard deviation of
four observations of each chromosome) was reduced
approximately by half. More importantly, loci often
showing green-to-red fluorescence ratio reductions
below 1.0 with indirect labeling (at chromosomes
1 p32-ter, 1 6p, 19, and 22; see Reference 6 for detail)
did not show these false positive deletions with direct
labeling (Figure 2). Normal-to-normal DNA hybridiza-
tions also showed the equal quality of hybridizations
done from frozen and paraffin-embedded samples
(Figure 2). As a measure of the quality of hybridiza-
tion, a low degree of variation between each obser-
vation was obtained (coefficients of variation of
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Figure 2. Green-to-red ratio profiles from a control experiment comparing fluorescein-labeledfresh (A) or paraffin-embedded (B) DNA from his-
tologically normal tissues against Texas Red-labeled normal reference DNA. The mean offour experiments (thick line) and one standard deviation
(thin lines below and above) of the green-to-redfluorescence ratio profiles are shoun for selected chromosomes (indicated on the p arm). No ratio
changes are seen along any of the chromosomes indicating an even hybridization of the two differentially labeled DNAs (heterocbromatic areas
and centromeres are ignoredfrom analysis). Dashed horizontal lines correspond to a green-to-red ratio of 1.0, and dotted lines correspond to ra-
tios of 0.5 and .5.
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green-to-red ratios were 3.2% and 5.7% for fresh and
paraffin embedded samples, respectively).

After successful DNA extraction and labeling with
12dATP-fluorescein, CGH was carried out without any
other modifications to the fresh tissue CGH protocol.
The principle of detecting green and red color ratios
and examples of copy number karyotype profiles are
shown in Figure 3, which describes the DNA copy
number aberrations in a 30-year-old paraffin block
sample. In this example, genetic aberrations can be
seen in the pseudocolored digitized image (Figure
3A) and verified in corresponding green-to-red ratio
profiles obtained by using an image analysis program
(Figure 3B).

Another example highlighting the usefulness of the
technique is illustrated in Figure 4. The use of paraffin
block samples made possible the comparison of ge-
netic aberrations of a primary breast cancer and its
later appearing distant metastasis (the latter sample
taken at autopsy). The clonal nature of genetic ab-
errations was clearly seen in this pair of samples. In-
terestingly, some of the genetic changes seen in the
primary tumor were not present in the metastasis.

We validated paraffin block CGH by using five
breast cancers from which frozen and paraffin-
embedded DNA samples were analyzed separately.
A high concordance (95%) was found between the
two assays to detect the copy number aberrations
(kappa coefficient, 0.83; 95% confidence interval,
0.69 to 0.98). Some of the discordances were obvi-
ously due to normal cell contamination of the frozen
samples (frozen samples were not histologically con-
trolled before DNA extraction), inasmuch as similar
patterns of copy number profile were sometimes
seen, but their amplitude was too low to fulfill the cri-
teria used for interpreting CGH results. Finally, aber-
rations found in paraffin samples were verified in two
cases by using inverse labeling CGH as a control, in
which possible differences in hybridization of
fluorescein-versus Texas Red-labeled probes were
controlled (data not shown).

Discussion
Comparative genomic hybridization is a new tech-
nique that allows the detection and mapping of rela-

9 1 1__
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Figure 3. An example of a digital image ofa CGH experiment showing genetic aberrationsjbund in a 30-year-old paraffin block ofa breast car-
cinoma (A). DNA extractedfrom the paraffin block (labeled in green) and normal reference DNA (labeled in red) were hybridized to a normal
metaphase chromosome (counterstained blue with DAPI). Chromosomal regions that uwere over-represented in the tumor are visualized as a pre-
dominantly green color, whereas regions having deletions in the tumor are seen as predominantly red color (ie, relative lack ofgreen). For this
figure, three different black and white exposures qf the same metaphase were made (matching 4,6-diamino-2-phenylindole, fluorescein, and Texas
Red stains). The images were overlaid in pseudo-colors, color-balanced, and contrast-stretched for dcisplay of the color differences.8 B shous the cor-
responiding green-to-red ratio profiles obtained from the image analysis program,' which verify the genetic aberrations of this sample: a subre-
gional amplification at chromosome lq31-32, gain of8q22-ter, deletion in 9p and a terminal gain in 9q, deletion in 1 7p, high level amplification
of 1 7q12 (locusfor c-erbB2 oncogene), and a distal amplification at 1 7q (aberrations marked by bars- underx axes). Dotted lines shoun the normal
ratnge ( green-to-red ratio 0.85 to 1.2).
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Figure 4. Green-to-red ratio profiles (thick line-mean, thin lines-+/-standard deviation) for chromosomes showing genetic aberrations in a
paraffin-embedded primary breast carcinoma sample and its abdominal metastasisfound at autopsy (both samplesfrom paraffin blocks). Most of
the genetic aberrations (2p+, 9p-, 12q-, 13q22+, 14-, 15q-, 16q, 1 7q22-24+) were found in both samples, whereas 3p-, 3q+, and 8p- ap-
peared only in the pnimary tumor. Dashed horizontal lines correspond to a green-to-red ratio of 1.0, and dotted lines correspond to ratios of 0.5
and 1.5.

tive DNA sequence copy number increases (5- to 10-
fold amplifications or 10 to 20 megabase lower level
copy number gains) or decreases (deletions larger
than 10 to 20 megabases) anywhere in the tumor ge-

nome. This is a distinct advantage over other com-

monly used methods that require specific probes tar-
geting only one locus at a time. Our previous
methodological studies have focused on character-
izing the assay performance6 and development of the
image analysis system,7 which in our experience is
necessary to obtain reliable results. Here we extend
development of the technique for the use of archival
formalin-fixed, paraffin-embedded tumor samples as

starting material, thus allowing application of CGH to
characterize genetic aberrations in a wide spectrum
of solid tumors. Paraffin block technique is especially
valuable in many tumor types (eg skin melanomas) in
which fresh tissue is usually not available.

The fixation of tumor tissues in formalin results in
extensive cross-linking of nuclear proteins, formation
of tight complexes between proteins and DNA, as well
as fragmentation of DNA. It is therefore not surprising
that it is difficult to extract DNA from these fixed nuclei
with compact chromatin. Our experience with freshly
frozen material has indicated that high molecular
weight DNA is needed to produce good quality CGH.

Our initial DNA extraction protocols, which were rou-
tine for frozen tissues, gave only a low yield mostly of
low molecular weight (<2 kb) DNA, which resulted in
inadequate CGH hybridizations. Therefore, a modi-
fied DNA extraction procedure was developed. We
did not find the DNA extraction protocol for CGH re-
ported earlier by Speicher et al10 to result in optimum
sized DNA and high quality CGH when nick transla-
tion was used as a method for DNA labeling. Many
previously described methods for DNA extraction
from archival paraffin blocks have mainly been tar-
geted to produce DNA for polymerase chain reaction
studies, in which small amounts of low molecular
weight DNA are sufficient for analysis (eg Reference
11). Some studies have reported the use of paraffin
block DNA in Southern blot studies,12-14 although this
technique has not been widely applied in cancer
research. DNA in these studies has been partially
degraded, similar to the DNA after our extraction
procedure.
We found that a prolonged digestion of multiple thin

tissue sections in 0.3 mg/ml proteinase K at 55 C
greatly improves the size and the total yield of DNA
when compared with high concentration proteinase K
digestion for shorter periods. However, even then the
yield of DNA was dependent on the length of formalin
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fixation, shown by using a test colon tumor fixed for
varying times. The underlying mechanisms by which
prolonged proteinase K digestion improves the DNA
extraction efficiency remain unknown. The effect may
be linked to partial reversal of fixation-induced cross-
links in aqueous buffer during proteinase K digestion.
As a result of the modified DNA extraction, we could
extract 3 to 20 pg of DNA from surgical tissue samples
having a typical diameter of 1 to 2 cm. The method
described can be widely applied, inasmuch as
samples studied so far have come from four different
pathology laboratories all of which use variable tissue
handling protocols, usually consisting of more than 12
to 24-hour fixation in neutral buffered formalin.

The performance of paraffin block CGH was shown
to be highly concordant to that of frozen tissue CGH,
as shown by normal-to-normal hybridizations and
comparisons of pairs of paraffin and frozen samples
taken from the same tumor. The most likely explana-
tion for different results was the contamination of the
malignant tumor cells with intra- or peritumoral non-
malignant cells (lymphocytes and stromal cells). We
have previously shown that CGH tolerates 30 to 50%
dilution of the tumor cell DNA by normal DNA,6 which
makes histological controlling of all tissue samples to
be analyzed necessary.
Many efforts have been made to validate CGH with

other cytogenetic methods. Comparison of CGH with
karyotyping fluorescence in situ hybridization, South-
ern blot hybridization, and restriction fragment length
polymorphism analyses have clearly indicated that
CGH reliably detects DNA sequence copy number
aberrations of solid tumors (see Reference 6 for re-
view). However, our experience from over 100 tumor
samples indicates that reliable detection of deletions
and chromosomal gains requires careful controlling
of the quality of hybridization (coefficient of variation
should be less than 10%). To further improve the ac-
curacy of the CGH, we usually run inverse labeling
experiments (see Materials and Methods), which con-
trol for the possible differential hybridization efficiency
of differently labeled DNA probes. These experiments
control for minor fluctuations of the green-to-red fluo-
rescence ratio, making interpretation of genetic
changes with borderline amplitude more reliable.

In conclusion, the method described here allows
reliable DNA sequence copy number karyotype stud-
ies to be performed from extensively formalin-fixed
tumor tissues. The ability to use archival paraffin block
material makes it possible to correlate genetic aber-
rations with clinical outcome (prognosis or therapy
response). The same retrospective approach has
been successfully applied in hundreds of DNA flow
cytometry reports over the past 5 to 10 years, which

has produced clinically useful information for thera-
peutic decision-making.15 In addition to clinically ori-
ented studies, paraffin block CGH offers a powerful
research tool to study pathogenesis of cancer by
studying genetic progression from premalignant to
fully malignant lesions, or by comparing genetic ab-
errations in primary tumors and their metastases.
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