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5. Introduction

Tests for mutagenicity, like the Ames test, have been used to screen

various chemicals for their ability to cause point mutations and this is often

done to try to predict their potential carcinogenicity (1,2). However, such a

use of tests for mutagenicity produces many false positive and as well as false

negative results in terms of assessing carcinogenic potential and should be

supplemented with other types of assays. we are devising tests to detect a type

of change in DNA, other than point mutations, that has more recently been shown

to frequently be one of the steps in carcinogenesis, namely, chromosomal

rearrangements (3). we are using recent molecular biology techniques to develop

new methods to screen chemical mixtures for their ability to induce

rearrangements of chromosomes.

The prominent role of chromosomal rearrangements, especially translocations

and deletions in cancer formation has only lately been widely appreciated (3-5).

Chemical as well as aspontaneousm carcinogenesis and generation of birth defects

often involve various types of rearrangements of human chromosomes (3-5). These

are also a major source of spontaneous abortions. For example, translocations

and deletions too small to be visualized by microscopic techniques are important

contributors to genetic dysfunction but could not be analyzed until the advent

of modern molecular biology methods.

Paternal, as well as maternal, chromosome damage has been implicated in

environmentally caused birth defects and infertility (6). Among the agents that

have been suspected to cause such damage are Agent Orange, the herbicide 2,4,5-T,

and other phenoxy herbicides. Evidence for this comes from laboratory and

epidemiological data (7,8). Furthermore, chromosomal rearrangements, birth

defects, and cancer are linked together in several groups of genetic diseases in

which a high rate of chromosomal rearrangements is coupled with very high rates

of cancer as well as disorders of the skin, nervous system, and immune mechanisms

(9). This observation is consistent with the major contribution of chromosomal

rearrangements to both congenital defects and cancer.

The ability of various chemicals to induce chromosomal rearrangements has
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been studied less than their mutagenicity because sensitive assays for these

rearrangements are new and the causative role of chromosomal rearrangements in

carcinogenesis was firmly established only recently (3-5). Most mutations do not

result in changes in protein structure due to the degeneracy of the triplet code,

the ability of many amino acids to substitute for one another at a given position

in a protein, and the occurrence of many mutations in unimportant regions of

chromosomes. In contrast, a much higher percentage of chromosomal rearrangements

will be carcinogenic or, if occurring in the male or female germline, will cause

birth defects because rearrangements have a high probability of disrupting genes

or gene regulatory regions and such disruptions almost always lead to abnormal

protein synthesis. Therefore, tests for chromosomal rearrangements could, in

many cases, be a better predictor of chemically-caused genetic damage to humans

than is general mutagenicity testing.

To test for the ability of suspect chemicals to cause a chromosome

translocation that is known to be one of the causes of human cancer, we have used

the polymerase chain reaction (PCR). This is an in vitro reaction conducted to

replicate, up to a million-fold or more, a short DNA region in the presence of

"a vast excess of other DNA sequences. It involves the use of the DNA sample as

"a template and two primers that face each other, one each to replicate the top

and bottom strands of the DNA sequence of interest in the presence of a vast

excess of other DNA sequences. PCR utilizes multiple cycles (usually about 20 -

30) to amplify the DNA. Each cycle involves the following steps: DNA denaturation

by heating, annealing of a pair of primers to the DNA template, and replication

catalyzed by a thermostable DNA polymerase. The type of PCR assay we have

developed is one in which two rounds of PCR are conducted which increases the

sensitivity and specificity of the reaction and eliminates interference from the

false positive reactions that so often interfere with this technique. When two

rounds of PCR are performed, one pair of primers is used for 20 - 45 cycles to

obtain a DNA product and then more primer and DNA polymerase are added for 20 -

45 more cycles. With the technique used here, the two rounds are conducted with

different pairs of primers. The primers used for the second round are internal
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to the pair used for the first round. With this kind of PCR (nested PCR) one DNA

fragment is amplified in the first round. Then, a subsequence of that DNA

fragment is amplified in the second round. Obtaining the expected sizes of DNA

fragments from both rounds is an excellent way to verify that the PCR is

amplifying the intended sequence and not some nonspecific sequence.

As little as a single DNA molecule can be detected by PCR followed by blot

hybridization (10). Generally when such exquisite sensitivity is achieved, the

amount of total DNA present, including nonspecific DNA sequences, is not very

high. A great excess of such nonspecific DNA can interfere with the amplification

of the targeted DNA sequence and the detection of the specific amplification

product. If a very large amount of extraneous DNA is present during such single-

molecule detection by PCR, blot hybridization is usually employed to visualize

only the desired PCR product (11). we wanted to obtain this same level of

sensitivity in the presence of 106 genome equivalents of human DNA not containing

the exponentially amplifiable sequence of interest using a procedure more

amenable to routine analysis than one involving blot hybridization. In this

report, we describe such a method involving the use of 22 cycles of amplification

with one set of primers for the target sequence (first round of PCR) followed by

another 20 cycles (second round of PCR) in which one of the original primers is

replaced by a radiolabeled primer complementary to part of the amplified sequence

(semi-nested PCR). With this procedure, which should be of use in many types of

amplification reactions, we were able to quantitate the number of target

molecules in the range of 1 to 15 amplifiable molecules in the original sample.

The targeted DNA in this study is the junction fragment containing the

translocated bcl-2 oncogene region from human chromosome 18 and JH DNA sequences

from the immunoglobulin DNA portion of chromosome 14. This translocation,

t(14;18), is observed in a majority of follicular lymphomas (12). There are two

highly preferred sites (hotspots) for the bcl-2/JH translocation (13,14) in the

3' region of the bcl-2 proto-oncogene and hotspots in the six JH segments of the

immunoglobulin heavy chain locus (15). Because of these hotspots, it is possible

to establish PCR assays that can detect a large percentage of these
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translocations. In this study we have substituted semi-nested PCR for PCR

followed by blot hybridization to amplify and visualize this translocation and

we have optimized such amplification reactions and used them for quantitation.

Because of the strong clustering of naturally occurring translocation breakpoints

on both of the involved chromosomes, the PCR assay that we have developed can

detect a large precentage of these translocations.

6. Body

MATERIALS AND METNHODS

Materials

PCR was carried out in a thermal cycler (Ericomp) with primers synthesized

on an Applied Biosystems synthesizer and purified by electrophoresis on a 20%

polyacrylamide gel before use. For the first round of PCR, we synthesized primer

1, 5' -AGAAGTGACATCTTCAGCAAATAAAC- 3', from the sense strand upstream of the bcl-2

gene's major breakpoint region (mbr; a translocation hotspot of -150 base-pairs

[bps) within the 3' untranslated portion of the gene) and primer JH,

5' -ACCTGAGGAGACGGTGACC- 3', a consensus human JH DNA sequence from the antisense

strand of the JH region of t(14;18) chromosomes. For the second round of PCR, we

used primer J, and radioloabeled primer 3, 5'-ACATTGATGGAATAACTCTGTGG-3', from

the sense strand upstream of the bcl-2 gene's mbr; this sequence is located 67

bps downstream of primer 1. Primer 3 (5 pmol) was labeled with (y-32P]ATP (80

pCi; 3000 Ci/mmol) in a reaction catalyzed by T4 polynucleotide kinase (20 units)

and then mixed with -300-fold excess of unlabeled primer 3 to a final specific

activity of 1000-3000 cpm/pmol. The reactions were catalyzed by Taq polymerase

(Promega) or the Stoffel fragment of AmpliTaq DNA polymerase (Perkin-Elmer). The

intact Taq polymerase, from batch to batch, gave consistent single-molecule

detection in the presence of a vast excess of nonspecific DNA unlike the latter

enzyme despite the intact polymerase having some 5'-to-3' exonuclease activity

(13). The targeted template for PCR was a t(14;18) bcl-2/JH translocation at the

mbr locus in DNA from a human B-lymphoma cell line, SU-DHL-4 (Oncogene Science).

The concentration of the commercial SU-DHL-4 DNA stock solution was confirmed by

agarose gel electrophoresis of multiple samples against sized-matched DNA
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standards upon visualization by fluorescence induced by ethidium bromide (EB).

The background DNA that was added to the PCR mixtures to mimic a human DNA sample-

containing only a few copies of the translocation product in a high background

of normal human DNA was normal cerebellum DNA. Contamination of the PCR mixtures

was prevented by handling PCR products and reaction ingredients in separate rooms

with dedicated pipet.ng devices and reagents.

Reaction Conditions for the First Round (20-45 Cycles) of PCR

To minimize mis-primed DNA amplification, the Hot Start PCR method (16)

employing a paraffin wax (Ampliwax PCR Gem, Perkin-Elmer Cetus) was used in the

first round of PCR. The 100 ul-reaction mixtures consisted of different numbers

of copies of SU-DHL-4 DNA containing the target translocation; 2.5 units of Tag

polymerase (Promega) or 10 units of the Stoffel Fragment of AmpliTaq; dATP, dGTP,

dCTP, dTTP (200 liM each); 2.5 mM MgCl 2; 20 pmol each of primers 1 and JH; 7 4g

of normal human brain DNA; and 10 mM Tris-HCl, pH 9.0, 0.1% Triton X-100, 50 mM

KCl (for the Promega enzyme) or 12.5 mM Tris-HC1, pH 8.3, 12.5 mM KC1 (for the

Stoffel fragment). The initial denaturation step was at 950 C for 5 min followed

by the indicated number of cycles of 1 min of annealing at 600 C, 1 min of primer

extension at 720C, and 1 min of denaturation at 940C. In the last cycle, the

primer extension time was 10 min. The PCR products were analyzed by

electrophoresis of 30 U1 of the reaction mixture on a 5% polyacrylamide gel and

were visualized by their EB-induced fluorescence.

Reaction Conditions for the Second Round (20 Cycles) of PCR

For the second round of PCR, 5 V1 of the undiluted product obtained from

the first round of PCR was used in a reaction mixture that was the same as that

for the first round except that radiolabeled primer 3 (-2000 cpm/pmol) replaced

unlabeled primer 1 and the total reaction volume was 75 UI. Given the much lower

sequence complexity of this reaction mixture, to economize, Ampliwax was not used

in the second round of PCR. Rather, the mixture was overlaid with two drops of

mineral oil and kept on ice until after the 5-pl sample from the first-round PCR

product was added through the oil layer to the aqueous layer. The DNA was then

subjected to an initial denaturation for 5 min at 950 C followed by 20 cycles of
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1 min at 60 0 C, 1 min at 720 C, and 1 min at 940 C except that the final primer

extension was for 10 min at 720 C. The products from the second round of PCR were

analyzed by electrophoresis, as above, followed by autoradiography. For

quantitative PCR, the specific DNA fragments (-330- and, when observed, 830-bp

products) were excised from the gel and their Cerenkov radiation (i.e., light

emission in the absence of added scintillants) was measured.

RZSULTS

We optimized conditions for PCR detection of a few copies of a DNA

containing a chromosome 14/18 translocation at the bcl-2 proto-oncogene in a

background of DNA from approximately 10' normal human cells (7 Ug). The source

of the translocation-containing DNA was SU-DHL-4 cells in which this t(14;18)

rearrangement occurs between the translocation-hotspot mbr locus in the

3'-untranslated region of the bcl-2 proto-oncogene and the fourth of six related

JH regions at the heavy chain immunoglobulin locus. Normal human DNA should give

no detectable specific amplification products because the primer-complementary

sites in the genomic DNA are on separate chromosomes. After determining that 2.5-

5.0 mM Mg*' ions and 60-640 C were optimal for the maximum sensitivity and

specificity, we tried to detect only a few copies of the specific translocation

product after 40 cycles of PCR with a single pair of primers (primers 1 from

chromosome 18 and JH from chromosome 14). Such primers can amplify a high

percentage of naturally occurring, lymphoma-associated translocations (1,3,6,22).

We could detect, by EB-induced fluorescence, a specific amplification product of

the expected size, -400 bps, from samples with only two copies of a t(14;18)

chromosome in a background of 7 Ug of normal human DNA (data not shown). After

30 cycles of PCR with the same JH primer and a different mbr-specific primer

using Southern blotting to visualize the specific products, Negrin et al. (16)

obtained a similar specific DNA fragment from as little as one copy of SU-DHL-4

DNA in a background of DNA from 105 normal cells. However, when we visualized the

PCR products by EB-induced fluorescence, the large amount of background normal

human DNA in the samples gave rise to about six bands of nonspecific

amplification products.
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It was desirable to eliminate the background of nonspecific amplification

bands so that the proced..re could be used to detect newly arising t(14;18)

amplification producto wnose exact size could not be predicted. We first tried

to do this by visualizing amplified DNA by the soligo extensions assay (17) in

which an aliquot of the reaction products after 30-45 cycles of PCR is diluted

and subjected to only one cycle of extension of a single primer, namely, the

nested, radiolabeled primer 3. The detection limit was -1 molecule of the

t(14;18) chromosome; however, the number and electrophoretic mobility of the

specific products was unpredictable. This could be due to the presence of much

single-stranded structure in the products after only a single cycle of extension

of a nested primer.

The most reproducible, specific, and sensitive method for the detection of

only a few molecules of the target DNA in a background of 7 pg of nontarget DNA

was semi-nested PCR for two rounds using 22 cycles of amplification with

unlabeled primers 1 and J, in the first round and then 20 cycles with unlabeled

primer J. and labeled primer 3 in the second round (semi-nested PCR; Fig. 1).

Fully nested PCR, in which both primers in the second round are changed to match

different positions within the amplified region, should have been at least as

good but was not possible for general detection of bcl-2/J, translocations

because there is only a very short region of high homology between all six J.

gene segments and, therefore, only one ideal consensus J. primer was available

(7). The main specific radiolabeled product obtained from these semi-nested

reactions containing as little as one target DNA molecule was a -330-bp fragment

clearly visible after only a single day of autoradiographic exposure (Fig. 1).

Sometimes a secondary product of -830 bps, apparently from priming at the J5

rather than the nearer J4 sequence on SU-DHL-4 DNA, was seen (data not shown) as

reported by Negrin et al. (18). No radiolabeled products were ever observed in

the samples that contained only the background normal human DNA (Fig. 1 and the

last column of Table 1).

There was a very small amount of product electrophoresing as a smear above

the major product band when 20-25 cycles were used per round of semi-nested PCR
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(Fig. 1) and much more when 30 or more cycles were used for the first round of

PCR (data not shown). This smear was largely eliminated when the PCR products

were treated with 10 units/ml of S1 nuclease for 8 min at pH 5 (data not shown).

When the PCR reaction products were visualized by EB-induced fluorescence, in

addition to the specific -330-bp translocation junction fragment, a major

nonspecific product of about -580 bps was generally observed, even in samples

that contained only normal human DNA (data not shown). This amplification product

apparently derives from mispriming by just the J. primer. we observed it in EB-

stained gels even when the J, primer was used with primers for the secondary bcl-

2 translocation hotspot, the mcr locus.

Using the above optimal conditions for semi-nested PCR, we determined the

relative amounts of radioactivity in the specific radiolabeled PCR products when

an average of 1 to 15 target DNA molecules were present in the samples. Each data

point shown in Fig. 2 was the average of the results from 3 to 12 independent PCR

amplifications. Such replicate determinations were especially important in view

of stochastic fluctuation at these extremely low copy numbers. The average amount

of specific PCR product was nearly linear in the range of -1 to 15 target

molecules in the starting reaction. The proportionality of the average initial

copy number of target molecules to the amount of specific product was further

examined by a limiting dilution analysis. We compared the intensity of the -330-

bp band after the second round of PCR when the products from the first round of

PCR were subjected to serial dilutions before the second round of PCR

amplifications. The results were close to those predicted (Table 2).

By pooling all of our data for semi-nested PCR of samples containing an

average of 1 to 15 target molecules of the t(14;18) translocation, we determined

whether the probability of detecting the specific radiolabeled product followed

the Poisson distribution (Table 1). The close correspondence between the

predicted and empirical results further validate this method for detection of a

single copy of the target DNA molecule in the presence of a vast excess (7 mg)

of background human DNA not containing the specific translocation.

7. CONCLUSIONS
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Semi -nested PCR consisting of 22 cycles with two unlabeled primers followed

by 20 cycles using an aliquot of the reaction mixture and one unlabeled and one

nested labeled primer allowed routine detection of a single translocation-

containing molecule of human DNA in the presence of DNA from approximately 106

normal human cells. This methodology, which required neither purification of the

DNA between the two rounds of PCR nor blot hybridization, also allowed

quantitation of very low numbers of the translocation-containing DNA molecules

in the presence of a vast excess of background DNA. This type of procedure could

be used for routine analyses of chromosomal mutations induced by carcinogens or

mixtures of carcinogens used to treat normal human cell lines or cell lines from

patients with DNA repair deficiency diseases. It could also be used for detection

of very low backround levels of chromosomal mutations in disease-free

individuals, studies of the persistence of trans location -containing cancer cells

in a population of mostly normal cells, or the detection of extremely low numbers

of viral or other pathogenic DNA molecules in a high background of normal human

cells. Because of the sensitivity and specificity of this methodology, it can be

applied to various types of cultured human cells treated with mixtures of

military waste products whose carcinogenic potential is being evaluated and the

ability of such samples to induce this type of cancer-causing translocation can

be determined and compared to their cell toxicity.
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Fig. 1. Optimized detection of the amplification of very low numbers of target

molecules in the presence of a vast excess of background DNA by semi-nested PCR.

The copy number refers to the expected average number of copies of the bcl-2/JH

translocation target molecule that would be present in replicate samples before

PCR. Samples containing the indicated copy number of target molecules mixed with

7 jig of normal human brain DNA were subjected to 22 (lanes 1-7) or 25 (lanes 8-

14) cycles of amplification with primers 1 and JH and then a 5-il aliquot of this

first-round PCR product was amplified for 20 cycles in a second round of PCR with

primer JH and ' 2P-labeled primer 3. Samples with a copy number of 0.5 will

probably have 1 or no target molecules. Gel electrophoresis of the untreated

products from the second round of PCR was followed by autoradiography upon 1 day

of exposure of the electrophoresis gel to X-ray film. Free 3 2P-labeled primer 3

(OF") is indicated.

Fig. 2. Linear relationship between the amount of 32 P-labeled PCR products and

average number of bcl-2/Ji translocation target molecules. Two rounds of PCR (22

and 20 cycles) were performed on the ir-licated average number of bcl-2/JH

translocation target molecules mixed with 7 Mg of normal human DNA using semi-

nested primers as in Fig. 1. For each tested average copy number of the target

molecules in the initial reaction mixture (including samples with no copies of

the translocation product, the 00 data point), 3-12 independent PCR

amplifications were performed and the average radioactivity in the specific PCR

products (in the -330-bp band and in the -830-bp band, when the latter

translocation product was also present) is shown. In parentheses above the linear

regression curve are the numbers of independent PCR amplifications used for each

of the data points. The bar represents the standard error. The correlation

coefficient, R, is 0.992.
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Table 1. Analysis of the Probability of Obtaining Specific Amplification of

Very Low Numbers of the bc/-2 Translocation-Containing Chromosomes by

Semi-Nested PCR

No. of Positive Samples/No. of Tested Samples

Average Copy No. of the bcl-2 Translocation in Tested Samples

8 4 2 1 0

Data 10/10 28129 27/31 26/37 0/30

obtained 1.0 0.97 0.87 0.70 0

Data 0.9997 0.982 0.865 0.632 0

predicted

"Data obtained" refers to the number of positive samples after semi-nested PCR/the number of
tested samples with the given average number of copies of the bc/-2 translocation. All samples
contained a background of 7 pg of normal human DNA (from approximately 106 cells) and were
subjected to two rounds of PCR. The products were analyzed by autoradiography. "Data
predicted" is from the Poisson distribution used to predict the number of successful amplifications
starting with different average low numbers of bcl-2 translocation-containing molecules per PCR
reaction mixture: 1-e", where n is the average number of the bcW-2 translocation-contalning
molecules per reaction mixture. According to a chi square goodness-of-fit test, the observed
outcomes were not significantly different from those predicted by the Poisson model (x2 = 0.302;
4 degrees of freedom; p 0.99).

17



Table 2. Effect of Varying the Extent of Dilution of the Products
from the First Round of PCR on the Yield of Specific
Amplification Products from the Second Round of PCR
Copy No. in Dilution Factor Relative cpm Predicted
is PCR in 2e PCR Obtained Relative cpm

(%) (%)
10 1:10 100 100

10 1:100 12.3 10
12.6

10 1:1000 1.2 1

2 1:10 20.9 20
25.4

2 1:100 2.5 2

1 1:10 5.8 10
8.3

1 1:100 0.7 1

Samples which should have an average of 10, 2 or 1 bd-fJ, translocation target molecules were
mixed with 7 pg of normal human brain DNA and amplified for 22 cycles in the first round of PCR.
Five microliters of the indicated serial dilutions of this mixture were amplified for 20 cycles of
semi-nested PCR and the second-round PCR products analyzed by gel electrophoresis,
autoradlography, and quantitation of radioactivity in the specific bands. The radioactivity (cpm)
in the specific -.330-bp product (and, where observed, also in the specific secondary 830-bp
product) In a given reaction is expressed as a percent relative to that in the reaction shown In the
first line of the table. Where indicated, data from duplicate experiments are given. The predicted
relative cpm Is the expected ratio (expressed as a percent) of the cpm for a given sample relative
to that from the reaction shown in the first line of table.

18



8. References

1 Ames, B.N., McCann J. and Yamasaki, E. (1975) Methods for Detecting Carcinogens and
Mutagens with the Salmonella/Mammalian-Microsome Mutagenicity Test Mutation Res.
31, 347-364.

2. Legator, M.S. and Rinkus, S.J. (1981) Mutagenicity Testing: Problems in Application. In
Short-Term Tests for Chemical Carcinogens. Edited by H.F. Stich and R.H.C. San (eds).
pp. 483-504. Springer-Vedag, New York.

3. Rowley, J.D. (1990) Molecular Cytogenetics:Rosetta Stone for Understanding Cancer-
Twenty-ninth G.H.A. Clowes Memorial Award Lecture. Cancer Res. 50, 3816-3825.

4. Hill, R.P. (1990) Tumor Progression: Potential Role of Unstable Genomic Changes.
Cancer and Metast. Rev. 9, 137-147.

5. Butturini, A. and Gale, R.P. (1990) Oncogenes and Leukemia. Leukemia 4, 138-160.

6. Mattison, D.R., Plowchalk, D.R., Meadows, M.J., AI-Juburi, A.Z., Gandy, J. Malek, A.
(1990) Reproductive Toxicity: Male and Female Reproductive Systems ad Targets for
Chemical Injury. Med. Clin. N. Amer. 74, 391-411.

7. Cohen, F.L. (1986) Paternal Contributions to Birth Defects. Nurs. Clin. N. Amer. 21, 49-64.

8. Sterling, T.D. (1986) Health Effects of Phenoxy Herbicides. A. Review Scand. J. Work
Environm. Health 12, 161-173.

9. Cohen, M.M. and Levy, H.P. (1989) Chromosome Instability Syndromes, Adv. Human
Gen. 18, 43-149.

10. U, H., U.B. Gyllensten, X. Cui, R.K. Saild, H.A. Ehrlich, and N. Amheim. 1988.
Amplification and analysis of DNA sequences in single human sperm and diploid cells.
Nature 335:414-417.

11. Crescenzi, M., Seto, M., Herzig, G.P., Weiss, P.D., Griffith, R.C. and Korsmeyer, S.J.,
(1988) Thermostable DNA Polymerease Chain Amplification of t(14;18) Chromosome
Breakpoints and Detection of Minimal Residual Disease. Proc. Nati. Acad. Sci. USA 85,
4869-4873.

12. Hecht, B.K., Epstein, A.L., Berger, C.S., Kaplan, H.S., and Hecht, F. 1985. Histiocytic
lymphoma cell lines: Immunologic and cytogenetic studies. Cancer Genet. Cytogenet
14: 205-218.

13. Ngan, B.Y., Nourse, J. and Cleary, M.L. (1989) Detection of Chromosomal Translocation
t(14;18) within the Minor Cluster Region of bc/-2 by Polymerase Chain Reaction and Direct
Genomic Sequencing of the Enzymatically Amplified DNA in Follicular Lymphomas. Blood
73, 1759-1762.

14. Tsujimoto, Y., and C.M. Croce. 1986. Analysis of the structure, transripts, and protein

19



products of bcl-2, the gene involved in human follicular lymphoma. Proc. NatI. Acad. Sci.
USA. 83: 5214-5218.

15. Lee, M.-S., K.-S. Chang, F. Cabanillas, E.J. Freireich, J.M. Trujillo, and S.A. Stass. 1987.
Detection of minimal residual cells carrying the t(14;18) by DNA sequence amplification.
Science 237. 175-178.

16. Chou, Q., M. Russell, D.E. Birch, J. Raymond, and W. Bloch. 1992. Prevention of pre-
PCR mis-priming and primer dimerization improves low-copy-number amplifications.
Nucleic Acids Res. 20: 1717-1723.

17. Parker, J.D., and G.C. Burmer. 1991. The oligomer extension "Hot Blot": A rapid
alternative to Southern blots for analyzing polymerase chain reaction products.
BioTechniques 10: 94-101.

18. Negrin, R.S., H.-P. KMem, I.G.H. Schmidt-Wolf, K.G. Blume, and M.L. Cleary. 1991. Use
of the polymerase chain reaction to monitor the effectiveness of ex vivo tumor cell purging.
Blood 77. 654-660.

20


