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Polymerase chain reaction (PCR) technology was
used to examine the state of amplification of the
proto-oncogene c-myc in archival ovarian carcino-
mas. Sequences from the c-myc gene and from a
controlgene were amplified simultaneously byPCR
and the ratios of the two products measured. The
results provided an accurate measurement of the
relative number of copies of the two genes in each
tumorgenome ifthe control and test sequences am-
plified by PCR were of equal lengths. The results
were not affected by the number ofPCR cycles used.
This technique shouldfacilitate gene amplification
studies in clinical medicine. Increased c-myc copy
number was found in 17% of the 30 cases exam-
ined when a controlfrom the same chromosome as
c-myc was used, but in 37% of cases if a control
from another chromosome was used. This under-
lines the importance of the genetic location of the
selected control genes for such studies. (Am J Pa-
thol 1990, 13 7:653-658)

Genetic amplification is a common mechanism of activa-
tion for several cellular proto-oncogenes. Such molecular
alterations are relevant to our understanding of tumor ge-
netics and, at least in certain cases, can provide prognos-
tic information for affected patients.1.2 The multidrug resis-
tance locus3'4 is another example of a gene commonly
amplified in malignant cells, which may be important in
altering tumor sensitivities to various chemotherapeutic
agents.

The currently favored approaches to detect gene am-
plification involve Southern or slot blot analyses of geno-
mic DNA using DNA probes for the potentially amplified
genes. Those techniques depend on the availability of rel-
atively large quantities of genomic DNA in a form suitable
for hybridization studies. These restrictions limit the
applicability of molecular knowledge to clinical medi-
cine because adequate amounts of such DNA often are

not available from clinical tissue specimens. Although
DNA may be recovered from the virtually unlimited num-
ber of formalin-fixed archival human tissue specimens
kept in hospital centers around the world, these tech-
niques largely depend on the quality of fixation and suc-
cess rates vary significantly between different aca-
demic centers.5'6

The recent development of polymerase chain reaction
(PCR) technology7'8 literally revolutionized the use of mo-
lecular techniques for genetic analyses. Not only does
this technique require only minute amounts of DNA9 but
it is also readily applicable to the partially degraded and
chemically altered DNA commonly present in crude
preparations from archival clinical material.10 Until now the
use of such technology for quantitative analyses, how-
ever, has been limited because the quantities of PCR
products obtained can be markedly altered by slight fluc-
tuations in variables such as incubation temperatures and
reagent concentrations. In the present study, we elimi-
nated these difficulties by simultaneously performing PCR
on test and control genes in the same PCR mix. The re-
sults were similar to those obtained from Southern blot
analyses and were not significantly affected by the num-
ber of cycles used for the reaction. We used this ap-
proach to examine the state of amplification of the proto-
oncogene c-myc in archival human ovarian carcinomas.
Our results showed increased c-myc-to-control ratios in
17% of the tumors examined when our control gene was
from the same chromosome as c-myc. This percentage
was increased to 37% when a control from another chro-
mosome was used. These differences underscore the im-
portance of selecting control genes from the same chro-
mosome as test genes for gene amplification studies, as
previously emphasized by other authors.2
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Materials and Methods

Source and Grading of Tumor Specimens

Specimens of formalin-fixed, paraffin-embedded ovarian
carcinomas were obtained from the pathology archives
of the Kenneth Norris Jr. Cancer Hospital. Frozen tissue
specimens were obtained from a tumor bank at the same
hospital. Each tumor was reviewed histologically and as-
signed an histologic grade using the criteria of the Interna-
tional Federation of Gynecology and Obstetrics (FIGO).
Briefly, lesions with a solid component accounting for less
than 10% of the total tumor mass were assigned a grade
1, those that were 10% to 50% solid were assigned a
grade 2, and those that were more than 50% solid were
assigned a grade 3. NIH:OVCAR-3 and SK-OV-3 ovarian
carcinoma cell lines were obtained from the American
Type Culture Collection (ATCC HTB161 and HTB77, re-
spectively). HEY and HOC-7 cells were obtained from Dr.
Ronald Buick of the University of Toronto.11

Preparation of Archival Specimens for PCR

Sections from each tumor were first reviewed histologi-
cally to identify any area containing large amounts of non-
neoplastic stroma and such areas were removed from the
specimens with scalpel blades before being used for PCR
studies. Formalin-fixed archival tissues were prepared for
PCR using the technique of Shibata et al,10 with minor
modifications. Briefly, single 5-,u-thick tissue sections
were obtained with a microtome and deparaffinized by
two consecutive centrifugations in xylene. The sections
were washed three times in absolute ethanol and resus-
pended in 50 Al of 100 mmol/l (millimolar) TRIS Cl (pH
8.0), 4 mmol/l EDTA, and 400 yg/ml proteinase K. The
preparations were incubated overnight at 37°C and finally
heated at 1 00°C for 7 minutes to denature the proteinase
K. Aliquots of 5 Al were added directly to PCR mixes (see
below).

Oligonucleotide Primers for PCR

Synthetic primers used for enzymatic amplification of c-
myc sequences were: 5'-CTCGGAAGGACTATCCTGCT-
GCCAA-3' and 5'-GGCGCTCCAAGACGTTGTGTGTT-
CG-3'. The former corresponds to nucleotides 6840 to
6865 of the published c-myc sequence12 and the latter is
complementary to nucleotides 6990 to 6965 of the same
sequence. Primers used for enzymatic amplification of al-
pha-lactalbumin sequences were 5'-GGTTCTTGGGGG-
TAGCCAAAATGAG-3' and 5'-CAGGCAAAGCGATGCC-
TCCATAACC-3', which correspond, respectively, to posi-
tions 7 to 32 and 132 to 157 of the published lactalbumin

sequence.13 For tissue plasminogen activator (tPA) se-
quences we used oligomers 5'-CAAAGGAGGGCTCTTC-
GCCGACATC-3' and 5'-TCCTGGAAGCAGTGGGCGG-
CAGAGA-3'. The first extends from nucleotides 1018 to
1043 and the second is complementary to nucleotides
1167 to 1 142 of the published tPA sequence.14 Each of
the above set of primers resulted in the enzymatic ampli-
fication of sequences of a length of 150 bases. The c-
myc sequence had a Hinfl restriction endonuclease site
105 bases away from its 3'-end and the lactalbumin se-
quence had a site for Haelll exactly in its center. All oligo-
mers were synthesized using a model 380A DNA syn-
thesizer (Applied Biosystems, Foster City, CA) at the Mi-
crochemical Core Facility of the Kenneth Norris Jr.
Comprehensive Cancer Center.

Conditions for PCR

The composition of the PCR mix was essentially as pub-
lished by Saiki et al,8 using Taql DNA polymerase (Perkin-
Elmer-Cetus, Emeryville, CA) and an automatic DNA
cycler (Perkins-Elmer-Cetus). Two different sets of prim-
ers, one for c-myc and the other for either tPA or alpha-
lactalbumin, were present simultaneously in each reac-
tion, as explained in the text. Machine settings for each
cycle were 94°C for 30 seconds to denature the DNA,
55°C for 1 minute to anneal the primers, and 72°C for 30
seconds for chain elongation.

Digestion, Electrophoresis, Blotting, and
Quantitation of PCR Products

After addition of 0.4 mol/l (molar) LiCI and 40 ,ug/ml glyco-
gen to each PCR mix, the reaction products were precipi-
tated with 2.5 volumes of absolute ethanol at -20°C over-
night. The samples were then electrophoresed directly on
gels containing 3% NuSieve and 1% Seakem agaroses
(FMC, Rockland, ME) or first digested with either Haelll or
Hinfl restriction enzymes obtained from Promega (Fisher
Scientific Co., Santa Clara, CA). Enzyme digestion was
done according to manufacturer's instructions using 40
units of enzyme per sample. After electrophoresis the
DNA samples were transferred overnight to Zetaprobe
nylon membranes (Bio-Rad, Richmond, CA) under alka-
line conditions, as previously described,6 and hybridized
to the appropriate 32P-labeled DNA probes. Conditions for
hybridization and labeling of the probes have been de-
scribed.6 The membranes were autoradiographed and
resulting signal intensities were measured using an ul-
trascan XL 2222-020 laser densitometer purchased from
LKB (Bromma, Sweden).
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Figure 1. Detectioni of genze amitplificationI
b)y PRC. Two genes, A anid B, are repre-
senited. 7he ntumber of copies ofgene A is
three tiunes higher than genie B. Sequenlces
fronm genies A and B are amplified simulta-
neously! PCR in the same reactioni mix.
After completioni ofPCR, there is three times
more productfrom gene A than from gene
B. In this example, the tu'oproducts are dis-
tiniguished from each other byv takinig ad-
vantage ofdifferent restrictioni en1don1iucle-
ase sites in the A and B sequences. The tu'o
products are separated electrophoretically
after digestion unith the appropriate ent-
z)nmes anid their relative amounts deter-
minied by! densitometrjy.

Source of DNA Probes

Probe phB-35'5 is a cDNA probe for human alpha-lactal-
bumin and was obtained from Professor R. K. Craig of
the Middlesex Hospital Medical School, London. Probe
pHSR-1 was obtained from the American Type Culture
Collection (ATCC 41 010). It is a genomic probe for the c-

myc proto-oncogene. For our studies we used a Hind Ill/
EcoRI fragment corresponding to the third exon of this
gene. Our tPA probe was pPA01, which is a cDNA probe
isolated by Ny et al14 and provided to us by Dr. T. Ny of
the University of Umea, Sweden.

Results

Strategy for Gene Amplification
Studies by PCR

Our strategy for quantitative measurements of gene am-

plification using PCR technology is outlined in Figure 1.
Represented are two different genes, A and B, with the
number of copies of gene A three times as high as the

I SIMULTANEOUS ENZYMATIC
AMPLIFICATION OF GENES A AND B

DIGESTION WITH RESTRICTION
ENDONUCLEASES X AND Y AND
ELECTROPHORESIS ON AGAROSE

c B

j

number of copies of gene B. The two genes are amplified
simultaneously and in the same reaction mix by PCR us-
ing gene-specific oligonucleotide primers. It is important
that the two sets of primers are included in a single reac-

tion mix, as opposed to two separate ones, to avoid varia-
tions in amplification efficiencies for the two genes due to
slight fluctuations in incubation temperatures or reagent
concentrations. In addition, the two amplified sequences
should be of similar lengths because longer sequences
have increased chances of being partially degraded and,
in addition, are associated with decreased reaction effi-
ciencies. Ideally the amplimers also should have similar G-
C contents as well as similar degrees of secondary struc-
ture to avoid large differences in reaction efficiencies. If
those rules are met, theoretically there should be three
times as much product from gene A than from gene B
after the reaction. A number of approaches then can be
used to quantitate the two different products. In the exam-
ple of Figure 1, we have taken advantage of the presence
of different restriction enzyme sites within the two se-

quences to digest the two product species into fragments
of different sizes that can be resolved by agarose gel elec-
trophoresis and quantitated by densitometry.

Figure 2. Comparisoni of c-myc amplifica- a b c
tion obtained by either Southetrni blotting
or PCRin unJfixed andfixed ovarian carci- c-myc a-lactal.
noma specimens. A: DNAs were extracted 1 2 1 2 1 2
from frozen specimens of tw'o different KB BP
ovarian carcinomas, digested with EcoRlt, 2

and analyzed by Souithebrn blotting usinig a
radiolabeled c-myc DNA probe. B: The 9.4-
samize tuwo DNAs were amplified by PCR lS- 105- a acta.-

ing c-myc and lactalbumii primers, don-
ble digested with Ilii4fl and HaeIII, electro- 75-
phoresed on7 agarose, transferred to a ny- 45-
loi nmenmbranle-, andprobedfirstfor c-myc
anid then for lactalbumit produicts. C: For-
malin-fixed specimens of tulmors I and 2 4 .
were obtainied from pathology archives :
anid analyzed by, PCR. Ser-ial diluitionis of
the PC6 products were electrophoresed o07 agarose without previous digestioni uith restriction enzymes. DNAs were then transferred
to a nlylon membrane anid hybridizedfirst uwith alpha-lactalbuimint atnd theni uith c-myc probes.
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Table 1. Quantitation ofRelative c-myc Gevne Copy
Numbers in Ovarian Tumor Geniomes by Southern
Blottinig anid PCR Studies

Tumor number or Southern
cell line blofting PCR

1 4-5* 4-5*
2 1 1
19 1 1
31 1 1
HEY 2 2
NIH:OVCAR-3 3 3
HOC-7 3-4 3-4
SK-OV-3 2 2

* The relative number of copies of the c-myc gene was determined in
DNA extracted from either frozen tumor tissue or cultured cell lines using
alpha-lactalbumin as the control.

In Figure 2 we examined the feasibility of using the
above approach for the quantitation of the relative number
of copies of the c-myc proto-oncogene in two different
human ovarian carcinomas. Shown in Figure 2A is a
Southern blot of DNA extracted from two frozen tumors
and analyzed with a probe for the c-myc gene. The results
show a four- to fivefold increase in c-myc signal intensity
in tumor 1 compared to tumor 2. Reprobing the same blot
with a cDNA probe for human alpha-lactalbumin con-
firmed that those results were not due to inequalities in
amounts of DNA loaded in each lane (results not shown).
Then we studied the same two DNAs by PCR using spe-
cific oligonucleotide primers for c-myc and lactalbumin
sequences. Both sequences were amplified simulta-
neously in the same reaction mix. The enzymatically am-
plified c-myc and lactalbumin fragments were both 150
bases long. The former had a Hinfl restriction site 45
bases away from its 5'-end and the latter had a Haelil site
in its center. The two DNA products were digested with
those two restriction enzymes, electrophoresed on 4%
agarose, and analyzed by Southern blotting using c-myc
and alpha-lactalbumin probes (Figure 2B). The results
showed a four- to fivefold increase of the c-myc signal in
tumor 1, although the lactalbumin signals were similar for
both tumors. Then we retrieved formalin-fixed specimens
of the same two tumors from our pathology archives and
repeated the PCR experiments using this archival tissue
to compare the results with those obtained with unfixed
DNA (Figure 2C). After the reaction we electrophoresed
serial dilutions of the PCR products on 4% agarose with-
out previous digestion with restriction enzymes and quan-
titated the products by Southern blotting using c-myc and
lactalbumin probes. The results showed an increased
lactalbumin signal in tumor 2, implying that more DNA
from this tumor was used for the reaction than from tumor
1. Such variations are unavoidable with archival speci-
mens because there is no control over how much DNA is
present in each sample. However, when the lactalbumin
results were used as averaging signals to determine the
relative amounts of c-myc in both tumors, again we found

that tumor 1 had four to five times more copies of this
gene than did tumor 2.

Thus these experiments demonstrate the validity of
our approach for quantitative gene amplification studies.
In the example of Figure 2, the results of the PCR studies
were similar to those obtained by conventional Southern
blotting experiments and were essentially similar for both
unfixed and fixed tumor specimens. In another set of ex-
periments, we examined the state of amplification of the
c-myc gene in four different frozen ovarian tumor speci-
mens and in four different ovarian carcinoma cell lines
both by Southern blotting and PCR technologies to ex-
tend our comparison of the two approaches (Table 1).
Five of those eight tumors contained an increased c-myc
copy number relative to lactalbumin. Again the results
showed no appreciable differences between the two
techniques (Table 1).

Effect of the Number of PCR Cycles Used on
Results Reproducibility

The efficiency of PCR can show large variations, depend-
ing on the number of cycles used.6 Although enzymatic
amplification may be nearly logarithmic during the first cy-
cles, the reaction eventually reaches a plateau due to re-
agent depletion and loss of enzyme activity. Therefore it
was important to determine if results obtained using our
above mentioned approach would be affected by the
number of PCR cycles. The results of Table 2, however,
showed no difference in c-myc amplification values ob-
tained with two different tumors when we used either 25
or 50 PCR cycles. Thus although the enzymatic amplifi-
cation reaction had undoubtedly exceeded the logarith-
mic phase after 50 cycles, the c-myc and lactalbumin se-
quences studied were affected equally and therefore the
results were independent of the number of cycles used
under these conditions.

Detection of c-myc Gene Amplification in
Archival Human Ovarian Carcinomas

Amplification of the c-myc proto-oncogene has been re-
ported in human ovarian carcinoma cell lines.16 In addi-

Table 2. Efect ofthe Number ofPCR Cycles on
Quantitative Gene Amplificationz Data

Relative c-myc gene
copy number*

Tumor 25 cycles 50 cycles

A 1.7 ± 0.2 1.8 ± 0.2
B 4 4

* The control gene used for these experiments was alpha-lactalbumin.
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tion, Zhou et al.17 reported similar amplification in 3 of 12
ovarian tumors. Increased c-myc expression was demon-
strated by Watson et al.18 in serous carcinomas of the
ovary. Abnormalities involving this proto-oncogene there-
fore may be important in ovarian carcinogenesis. We
have used the above approach to examine the state of
amplification of the c-myc gene in 30 human ovarian tu-
mors obtained from pathology archives. The results (Ta-
ble 3) showed that this genetic abnormality was indeed
detected in 5 (17%) of the 30 tumors when human tPA
was used as our control gene. Although this number
clearly is too small to allow any conclusions regarding cor-
relations between c-myc gene amplification and tumor
clinical behavior, it may be significant that only one of our
five cases with such amplification was classified as grade
1 according to the FIGO criteria (Table 3). However there
was similarly only one case with c-myc amplification that
was classified as grade 3 and therefore additional studies
are necessary.

Table 3 also shows results when a sequence from the
alpha-lactalbumin gene was used as control instead of
tPA. Our reasons for repeating the experiments with the
latter were that although tPA and c-myc are located on
the same chromosome, alpha-lactalbumin is not. It has
been emphasized2 that control genes from the same
chromosome should always be used as test genes be-
cause chromosomal duplications, which are frequent in
malignant tumors, otherwise would be impossible to dis-
tinguish from true gene amplifications. To demonstrate
the extent of this phenomenon, we have compared the
results obtained with both tPA and alpha-lactalbumin con-
trols. The results showed an increase in the c-myc to con-
trol ratios in 11 tumors when we used the latter control,
as compared to only five with the tPA control (Table 3).
These differences were not due to experimental variabili-
ties because some of our experiments were done three
times and in each of these cases the standard deviations
were small. It is interesting that there seemed to be sig-
nificant correlation between increased c-myc-to-lactalbu-
min ratio and tumor grade in those samples. Although
such molecular changes were seen in only t\tWo of nine
grade 1 tumors (23%), they were present in 6 of 11 grade
3 lesions (55%) (Table 2). These results may be a reflec-
tion of increased random chromosomal abnormalities that
are associated with more anaplastic tumors in general
and therefore may be not directly related to the c-myc
locus. Thus failure to use controls from the same chromo-
some as test genes can significantly affect the results and
lead to major interpretation errors.

Discussion

The results of our studies clearly show that PCR technol-
ogy may be used for quantitative analyses of the state of

Table 3. Amplificationi anid Relative Copy Number
ofc-myc Proto-oncogenie in Archival Specimens
ofHumatn Ovarian Carcinomas

Histologic
Tumor grade c-myc/tPA* c-myc/lactal*

1 3 1 4.3±0.3t
2 1 1 1.3±0.1
3 2 1 1.3±0.1
4 3 1 5.2±0.4
5 1 1 1.0±0.1
6 3 1 4.5±0.3
7 1 1 1
8 2 1 2
9 3 1 1
10 3 1 1
11 3 2 1
12 3 1 2
13 2 2 1
14 3 1 2
15 3 1 2
16 2 5 2
17 1 2 2
18 2 1 2
19 2 1 1
20 1 1 1
21 1 1 1
22 2 3 1
23 2 1 1
24 3 1 1
25 2 1 1
26 2 1 1
27 1 1 2
28 3 1 1
29 3 1 1
30 1 1 1

The relative number of copies of the c-myc gene was determined
using either tPA or alpha-lactalbumin as controls.

t Standard deviations are given for experiments performed at least
three times.

amplification of specific genes. The results were similar to
those obtained by Southern blotting analyses. According
to this approach, two different genetic sequences are en-
zymatically amplified simultaneously, one corresponding
to a control gene and the other to a test gene. The two
sequences must be of equal lengths and be amplified to-
gether in the same reaction mix to ensure equal reaction
efficiencies. Our results also demonstrated the impor-
tance of using control sequences from the same chromo-
some as the test genes for these studies, in accordance
with other authors.2 We were initially concerned that reac-
tion efficiencies may be different for test and control se-
quences after a large number of PCR cycles because re-
action kinetics may be affected by decreased reagent
concentrations.8 However the results of Table 2 showed
no appreciable differences in the results when we used
either 25 of 50 enzymatic amplification cycles.

The main advantages of using PCR technology rather
than more conventional approaches for the detection of
genetic amplification are that much smaller quantities of
DNA material are needed, the technique is not dependent
on the availability of pure intact DNA, and is readily appli-
cable to formalin-fixed, paraffin-embedded archival speci-
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mens. The latter is important because it markedly in-
creases the number of cases available for retrospective
studies. We have done such retrospective analysis of 30
archival human ovarian carcinoma specimens. We found
various degrees of amplification of the c-myc proto-onco-
gene in five tumors (17%) when tPA, which is a gene lo-
cated on the same chromosome as c-myc, was used as
a control. These results confirm earlier findings17 and give
additional support to the notion that abnormalities involv-
ing the c-myc proto-oncogene may be important in the
genesis of some ovarian tumors.

The number of cases that showed c-myc gene ampli-
fication in the present study was clearly too small to draw
any conclusions regarding associations between such
molecular changes and tumor clinical behavior. However
a relationship between amplification of a specific onco-
gene and tumor clinical aggressiveness was reported by
Slamon et al,2 who examined HER-2/neu copy numbers
in a large number of breast and ovarian tumors. Earlier
Seeger et al.' reported similar findings for N-myc amplifi-
cation in neuroblastomas. Therefore knowledge of the
state of amplification of specific oncogenes may be
useful in the clinical evaluation of cancer patients and the
feasibility of obtaining such knowledge from PCR studies on
formalin-fixed histologic sections is likely to contribute to the
implementation of molecular tools in clinical medicine.
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Note Added in Proof

While our manuscript was being reviewed, Frye et al (Detection
of amplified oncogenes by differential polymerase chain reac-
tion. Oncogene 1989,4:1153-1157) published a report on a sim-
ilar technique for the detection of gene amplification in human
tumors. Their results further substantiate the possibility of using
PCR for gene amplification studies.


