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Introduction

Clonality analysis of lymphoid cell populations plays an
increasing role in the primary diagnosis as well as follow-
up of lymphomas and lymphoid leukemias. There are spe-
cial entities which are best recognized by the aid of mole-
cular methods, while in others these methods are required
only if the immunomorphology is not decisive. In lym-
phoid lesions, multiple antigen receptor gene sequences
can be suitable targets as clonal markers.1-3 The recombi-
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In many cases, particularly in retrospective studies,
only formalin-fixed and paraffin-embedded
(FFPE) tissue samples are available for molecular
studies. DNA recovered from FFPE tissues general-
ly consists of fragmented small target sequences
with chemical alterations. Clonality analysis is not
easy on FFPE samples, in fact, it requires even
more experience than that of performed on fresh
samples or is more complicated than most genom-
ic PCR amplifications for somatic genes. In our
study, we have performed a multi-parameter PCR
evaluation investigating immunoglobulin heavy
chain gene (IgH) and T-cell receptor gamma gene
(TCRγγ) rearrangements on non-purified crude
lysates of FFPE samples, in order to establish the
significance of different variables on performance
of PCR amplification. The results showed that a

slight decrease in the concentration of primers in
combination with a slight increase in MgCl2 and
Taq polymerase concentrations, as well as the use
diluted crude template and a standard amount of
dNTPs can be the modifications of choice while
adjusting IgH and TCRγγ clonality tests on poor
quality DNA FFPE samples. Using our improved
protocol, 74% (17/23) of the tested B-cell lym-
phomas and 68% (31/46) of the tested T-cell lym-
phomas demonstrated monoclonal PCR product,
proving the applicability of our optimized method.
Our experience may be of help during the opti-
mization process in technically difficult cases as
well as to determine which parameters and how
should be changed to minimize false-negative and
false-positive results. (Pathology Oncology Rese-
arch Vol 13, No 3, 209–214)
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nation of antigen receptor genes results in an individual
gene sequence unique for each differentiating B- or 
T-cell.1-3 This rearranged pattern in the individual cell’s
life span does not change considerably, whereby its fin-
gerprint-like genotype becomes utilizable. If one of these
maturing or matured cells becomes malignant, this cell
line becomes dominant in the overall lymphocyte popula-
tion and, therefore, their individual antigen receptor gene
rearrangement combination also becomes dominant in the
overall rearrangement pattern at the population level. 1-3

Southern blotting is one of the most reliable methods in
detecting lymphoid cell clonality, but it is labor-intensive
and requires large amounts of high-molecular-weight
DNA, therefore, nowadays it is practically replaced by
polymerase chain reaction (PCR) based methods. 4-7

Besides high sensitivity, speed and cost effectiveness, the
great advantage of the PCR techniques is that they do not
require intact DNA, therefore well suit the routine diag-
nostic use.7-9 The highest sensitivity of PCR detection is



generally expected on DNA isolated from fresh or frozen
material, while using templates from FFPE tissue samples
may impair performance.7-12 Unfortunately, in the majority
of the diagnostic cases and in retrospective studies, only
FFPE tissue samples are available for molecular genetic
studies. Although 4% formalin (10% formaldehyde solu-
tion) is an ideal fixative for traditional histomorphological
examinations, it is disadvantageous for molecular stud-
ies.13-17 Formalin fixation of the tissues is essentially based
on crosslinks made by formaldehyde, resulting in the
denaturation and precipitation of matrix proteins, nucleic
acids and other biomolecules.13,16 Formaldehyde facilitates
a number of physico-chemical changes affecting nucleic
acids, in particular DNA, including breaks, base substitu-
tions, base losses, sequence alterations, and formations of
different instable forms of DNA, and it is known to gener-
ate non-specific protein-protein and DNA-protein
crosslinks as well.13-17 Based on the above, DNA isolated
from FFPE archived tissue samples contains mainly
strongly fragmented, chemically modified, small – gener-
ally less than 200-300 base pairs (bp) – sequences.13-17 The
situation is even more complicated since simple, cost-
effective and rapid DNA isolation methods,17-20 employed
by many routine laboratories, produce crude lysates of
poor DNA quality, which may significantly affect the per-
formance of PCR. 

Although PCR-based clonality analyses are not novel
methods, there is still paucity of published studies that ana-
lyze the necessary changes in the PCR parameters while
amplifying DNA templates isolated from FFPE tissue sam-
ples. In our study, we have performed a multi-parameter
PCR evaluation investigating immunoglobulin heavy
chain (IgH) gene and T-cell receptor gamma (TCRγ) gene
rearrangements on non-purified crude lysates of FFPE
samples, in order to establish significance of different vari-
ables on performance of PCR amplification. We discuss
how these parameters can be changed in “fine-tuning” of
clonality PCR. Our experience may be of help during the
optimization process in technically difficult cases, as well
as in determining which parameters and how should be
changed to minimize false-negative and false-positive
results. 

Material and Methods

Tissue samples

To evaluate the parameters and the efficacy of the PCR
amplification on DNA templates isolated from FFPE sam-
ples, cases were retrieved from the archives of the Labora-
tory of Tumor Pathology and Molecular Diagnostics, Insti-
tute for Biotechnology, Bay Zoltan Foundation for
Applied Research. Five hyperplastic lymphoid tissues (3
lymph nodes, 2 hyperplastic tonsils), 3 B-cell lymphomas
(1 diffuse large B-cell lymphoma, 1 marginal zone B-cell

lymphoma, 1 cutaneous B-cell lymphoma), and 3 T-cell
lymphomas (1 mycosis fungoides, 2 nodal peripheral T-cell
lymphomas) were used in the optimization phase.

The refined PCR clonality protocol was tested in 23 
B-cell lymphoma cases (9 diffuse large B-cell lymphomas,
10 extranodal and nodal marginal zone B-cell lymphomas,
and 4 follicular B-cell lymphomas), and 43 T-cell lym-
phoma cases (12 mycosis fungoides, 4 cutaneous anaplas-
tic large cell lymphomas, and 26 nodal peripheral T-cell
lymphomas). The cases selected were previously fully
characterized by immunohistochemistry.

DNA isolation

Our study was based on the utilization of crude DNA
lysates made from FFPE tissue sections. Briefly, 1-4
pieces 10-µm-thick paraffin sections per case were cut into
sterile 1.5 ml Eppendorf tubes with clean „low profile”
microtome blades. To avoid contamination, the microtome
blades were cleaned with ethanol and slipped, using a new
surface after cutting each case. The number of sections cut
into the Eppendorf tubes was determined by the size of the
biopsy: 4 sections of a skin biopsy or 1 section of a block
of 1 cm in diameter were cut. In the case of biopsy size in
between, we used 2 sections per tube. The sections within
the Eppendorf tube were dewaxed by washing twice for 10
minutes in xylene and once in absolute ethanol (1-1 ml).
The sample was centrifuged after each step at 13,000 rpm
for 3 minutes and, after removing the supernatant, the pel-
lets were carried over. After washing with ethanol, the pel-
lets were air-dried in a thermostat at 56oC. The dried pre-
cipitate was resuspended in 300 µl lysis buffer (50 mM
Tris-HCl, 1.5 mM MgCl2, pH 8.0), 30 µl proteinase K
solution (20 mg/ml, MBI Fermentas Life Sciences) was
added, and it was incubated for 18 hours at 56oC. After-
wards, if the sample was not cleared, an extra 20 µl pro-
teinase K solution was added, and the sample was incubat-
ed for a further 3 hours. Finally, proteinase K was inacti-
vated by boiling for 10 minutes and the supernatant was
used as template. 

Primers

Our PCR study was focused on the investigation of IgH
gene and TCRγ gene rearrangements. For the IgH studies,
the VH-FR3 5’-ACACGGCYSTGTATTACTGT-3’ forward
degenerated primer corresponding to the framework-3
(FR3) variable region of the gene, and the JH 5’-CCTGAG-
GAGACGGTGACC-3’ reverse primer corresponding to the
joining region of the gene were utilized.3,4 Using these
primers, the expected size of the PCR product is between
70-120 bp. For the TCRγ studies, the Vγ11 5’-TCTG-
GRGTCTATTACTGTGC-3’ forward primer was used,
which is complementary with the Vγ1-8 variable region of
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the gene, and the Jγ12 5’-CAAGTGTTGTTCCACTGCC-3’
reverse consensus primer, which is complementary with the
Jγ1-2 joining region of the gene.3,8 This primer combination
generates 75-95-bp-long PCR products.8

PCR amplification and gel electrophoresis

PCR amplification was performed in 0.2 ml thin-walled
PCR tubes (AHN), using 50 µl master mix running in an
Eppendorf Mastercycler® personal PCR thermal cycler.
The standard PCR parameters, the modifications were test-
ed against, were as follows: 1x 200 mM PCR buffer con-
taining (NH4)2SO4 (MBI Fermentas Life Sciences), 100
µM dNTP (MBI Fermentas Life Sciences), 1.5 mM
MgCl2, 100-100 pmol/ml of each primers, 1 µl DNA tem-
plate and 1.5 U recombinant Taq polymerase (MBI Fer-
mentas Life Sciences). The PCR amplification consisted of
35 cycles. The first cycle started with a 5-min denaturation
step, and Taq polymerase was added during this step. Tem-
perature and timing parameters of the cycles were as fol-
lows: denaturation – 30” at 95oC, annealing – 30” at 56°C
(IgH) or at 54°C (TCRγ), extension – 30” at 72°C, last
extension – 10’ at 72°C. To compensate for the reduced
efficiency, we considered modifying the cycling parame-
ters other than increasing the number of cycles and length-
ening the duration at each temperature within the cycle.
The primer, dNTP, MgCl2 and template concentrations as
well as the volume of the Taq polymerase were tested. The
analysis included step-by-step gradual adjustment of a sin-
gle variable or optional adjustment of parameters in pairs
(Table 1), until the best results were obtained. DNA tem-

plate replaced with distilled water served as a negative
control. The PCR products were run on 10% polyacry-
lamide gel using Mini-PROTEAN®3 (Bio-Rad Laborato-
ries) electrophoresis set and AgNO3 staining21 for visual-
ization. DNA detection based on the reduction of silver
proved to be approximately one hundred times more sensi-
tive for products of less than 200 bp than the ethidium-bro-
mide- or SYBR green-based fluorescence detection meth-
ods. This excellent sensitivity makes it especially useful in
the monitoring of PCR-based antigen receptor gene
rearrangement studies.21

Results

The role of the primer concentrations was investigated
first, without modifying any other parameters. The use of
10 pmol primers/reaction in the IgH FR3-JH amplification
revealed a weak product, while 50 pmol primers/reaction
proved to be the optimal concentration. The higher con-
centrations showed clear-cut dominant monoclonal prod-
ucts, but the weaker intensity amplicons of the polyclonal
B-cell populations were suppressed, which may lead to
false positive interpretation of the results (Fig. 1). The
increasing primer concentration raised the product intensi-
ty in the monoclonal cases, but higher non-specific ampli-
fication was also detected. The TCRγ Vγ1-8/Jγ1-2 amplifi-
cation optimally required 10 pmol primers/reaction con-
centrations, while the higher concentrations resulted in a
strong background reaction, which even suppressed the
expected monoclonal product. 

Using crude lysates, their DNA content cannot be mea-
sured correctly, therefore the role of template DNA con-
centrations was investigated in a dilution experiment. In
combination with the above optimal primer concentrations,
the 1 ml undiluted lysate/reaction added showed the best
results in IgH FR3-JH reaction, while the 1:2, 1:5, 1:10 and
1:100 template dilutions revealed a reaction product with
gradually weakening visibility. Two ml undiluted tem-
plate/reaction added showed increased non-specific back-
ground activity. The monoclonal TCRγ product was best
seen with 1:10 template dilution, while the lowest repro-
ducibility was found when undiluted lysate was utilized.
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Table 1. Values of the PCR variables tested in the study

Template DNA [dilution of 1 µl template]: 1; 1:2; 1:5; 1:10;
1:100; or 2 µl 1x template 

Primers [pmol/reaction]: 10; 50; 100; 125; 175; 250; 375; 500

Taq polymerase [U/reaction]: 1.5; 2.0; 2.5

MgCl2 [mM/reaction]: 0.875; 1.0; 1.125; 1.25; 1.375; 1.5;
1.675; 1.75

dNTP [µM/reaction]: 50; 100; 200; 400

100 bp

1 2

1 2

Figure 1. The role of primer concentration in IgH FR3-JH
amplification. (A). In the case of the optimal 50 pmol/reaction
concentration, the polyclonal (1) and monoclonal product (2)
can be readily discriminated. (B). The increase in the primer
concentration to 100 pmol/reaction can slightly suppress the
fainter amplicons of the polyclonal product (1) which may lead
to false positive evaluation, since it becomes similar to the dom-
inant band of the clear-cut monoclonal product (2).



Testing the MgCl2 concentration with pair-wise modifi-
cation with Taq polymerase, we found that 0.875 mM
MgCl2 concentration was insufficient for the optimal reac-
tion. The 1.0-1.25 mM MgCl2 concentrations were suffi-
cient to detect monoclonal product only if we increased the
Taq content, but raising the amount of the enzyme resulted
in a high background activity. Our investigations revealed
the 1.375-1.75 mM MgCl2 concentration as the optimal

range, while 2.0 mM or higher concentrations again result-
ed in a higher background activity (Fig. 2). Higher MgCl2

concentrations could be compensated by adding less Taq
polymerase or more dNTP. Low, 1.0 U/reaction Taq poly-
merase volumes could not be compensated even with high-
er MgCl2 concentrations. The 1.5 U Taq polymerase com-
bined with less than 1.0 mM MgCl2 concentration was
capable to provide a weak reaction product, while the 2.0
U or higher enzyme volumes could compensate the low
MgCl2 concentrations with regard to the monoclonal prod-
uct, but significantly raised the non-specific amplification
activity as well (Fig. 3). 

As far as the nucleotide concentrations are concerned, at
least 50 µM dNTP was found to be necessary for visible
monoclonal reaction products, while the 100 µM of dNTP
proved to be the optimal concentration. The higher dNTP
concentrations with standard primer concentration proved to
be inhibitory, while an increasing non-specific background
activity was experienced if the higher dNTP concentrations
were combined with higher primer concentrations (Fig. 4).

Using the improved protocol, 74% (17 out of 23) of the
tested B-cell lymphoma cases and 68% (31 out of 46) of
the tested T-cell lymphoma cases demonstrated monoclon-
al PCR product (Figs. 5 and 6).

Discussion

Nowadays, PCR-based clonality examinations are among
the routine methods of hematopathology, and the demand is
rising to perform more tests on FFPE tissue samples. One
of the most active research areas in molecular pathology is
retrospective studies on archival tissue samples. The tem-
plate from FFPE samples, more or less independently from
the extraction method, contains variable quantities of dif-
ferent substances, namely genomic DNA, fragmented DNA
originated from genomic DNA, crosslinked non-usable
DNA, depurinated nucleic acid, fragmented RNA, pro-
tein/peptide fragments, metallic- and other contaminating,
and chelating agents. Keeping the above in mind, clonality
analysis is not easy on FFPE samples, in fact, it requires
even more experience than that of performed on fresh sam-
ples, and is more complicated than most genomic PCR
amplifications for somatic genes. In our study, we have
analyzed multiple PCR variables in order to establish which
of them influence most the IgH FR3-JH and the TCRγ Vγ1-
8/Jγ1-2 PCR amplifications on non-purified DNA isolated
from FFPE samples.

Theoretically, there are two ways to improve PCR ampli-
fication from inadequate template DNA, namely modifica-
tion of the DNA extraction method or, alternatively, opti-
mization of the PCR running parameters. In our study, we
have used a simple proteinase K-based lysis and the pro-
duced raw DNA was tested as template. Although this raw
lysate may contain chemical and peptide inhibitors that
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Figure 2. The role of MgCl2  concentration in IgH FR3-JH
amplification. (1) 0.875, (2) 1.0, (3) 1.125, (4) 1.25, (5) 1.375,
(6) 1.5, (7) 1.675 mM MgCl2 concentrations with 1.5 U Taq
polymerase. The dominant monoclonal product occurs in the
concentration range of 1.25-1.675 mM and is accompanied
with background amplification in the 1.5 mM and 1.675 mM
MgCl2 concentrations.

2
B C

3 1 2 3132
A

1

Figure 3. The relationship between MgCl2  and Taq polymerase
concentration in monoclonal IgH FR3-JH gene rearrangement.
A: 1.0 mM, B: 1.375 mM, C: 1.75 mM MgCl2; (1) 1.5 U, (2)
2.0 U, (3) 2.5 U Taq polymerase. The increased amount of the
Taq polymerase is able to compensate for the lower MgCl2 con-
centration, while generates background amplification in the
optimal MgCl2 concentration.

1
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2 3 4432
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1

Figure 4. Evaluation of the effect of dNTP concentration on
monoclonal IgH FR3-JH gene rearrangement. A: 100
pmol/reaction primer concentration: (1) 50 µM, (2) 100 µM,
(3) 200 µM, (4) 400 µM dNTP concentration. At standard
primer concentration, the higher dNTP concentration blocks
the reaction. B: 250 pmol/reaction primer concentration: (1) 50
µM, (2) 100 µM, (3) 200 µM, (4) 400 µM dNTP concentra-
tion. The elevated primer concentration compensates for the
inhibitory effect of the higher dNTP concentrations, but is
accompanied by increased background amplification. 
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influence the PCR reaction, we have chosen to use no fur-
ther DNA purification, since these procedures are labor-
intensive, time-consuming, increase the risk of contamina-
tion, and may cause further dilution of the target DNA.
According to our and others’ experience,18-20 crude DNA
isolations can be well suited for clonality testing, neverthe-
less they possess disadvantages, including inappropriate OD
reading due to protein remnants and other contaminations. 

The modification of the thermocycling parameters by
increasing the number of cycles and lengthening the dura-
tion at each temperature within a cycle seems to be the
simplest way to compensate for the reduced PCR efficien-
cy on poor quality template. Our previous experience
revealed that an enhancement in annealing temperature by
2-3°C is preferable to decrease the likelyhood of the ran-
dom priming, while increasing the number of the cycles
above 35 could not improve the performance sufficiently. 

During formalin fixation, protein-DNA crosslinks, break-
age of the DNA strand, and alterations of DNA sequences
occur.13-17 The DNA fragmentation does not only affect the
sequence of interest, but may produce random oligonu-
cleotides in the nucleic acid debris. The crude lysate may
contain a large number of small fragments that are not long
enough to allow efficient amplification, but compete with
the primers or even with the template.6,14 This may lead to
inhibition of the specific PCR amplification. Adjusting the
primer concentrations, we found that there is no significant

increase in the primer requirement using crude lysate as
template. This finding may be surprising, since one could
expect requirement of higher primer concentration to com-
pensate for inhibition due to the presence of oligonucleotide
debris, but it can be explained by the low template DNA
concentration or by the ability of these oligonucleotides to
compete with the template too, acting rather like general
silencers of the PCR amplification. The primer excess, on
the other hand, favored the formation of secondary primer
structures, leading to mispriming and random annealing
with reduced production of the desired amplicons.

The dilution of the crude lysate template may theoreti-
cally reduce the hampering effect of the nucleic acid debris
or other chemical contaminants. We found no significant
improvement in IgH FR3-JH amplification with diluting
the template, but gradually weakening PCR reactions.
Nevertheless, we still suggest conceivable benefit of tem-
plate dilution in the case of FFPE samples with potentially
high content of inhibitors,22 but careful consideration of
the results are necessary to avoid false positive dominant
products which may be experienced while diluting tem-
plates from samples with low B-cell content.22,23 The TCRγ
Vγ1-8/Jγ1-2 PCR, on the other hand, benefited from the
template dilution, which suggests that the inhibitory cont-
aminants present in the crude lysate can be, at least partly,
compensated in this way.

MgCl2, an unavoidable co-factor of PCR, plays a dual
role in the amplification reaction. The Mg++ ions are nec-
essary for Taq polymerase in the elongation step of the
primed DNA.24 It also contributes stabilizing the nucleic
acids involved in the reaction, forming complexes with
denatured single-stranded template DNA, primers, and
free dNTPs.24 Its absence results in insufficient nucleic
acid interactions, and thereby weakens the amplification.
We found that no significant change of MgCl2 concentra-
tion is required for the use of crude lysate templates.

Although Taq DNA polymerase24 has higher error rate
than other thermostable polymerases used in PCR, it is less
sensitive than other polymerases and less likely to fail,
therefore Taq polymerase is the enzyme of choice for ampli-
fication from poor quality templates. The crude lysate may
contain a large number of 3’-end of small fragments that are
not long enough to allow efficient amplification, but may
serve as abortive PCR template and compete for the
enzyme.6,14 Even if they do not produce any visible ampli-
cons, the overall intensity of the specific reaction may be
jeopardized. Supposing the presence of inhibitory contami-
nants, we could expect higher enzyme requirement for tem-
plates of inadequate quality. In our FFPE clonality assays,
we found that apparently a minor increase (from 1 U/reac-
tion to 1.5 U/reaction) of Taq polymerase was necessary to
improve amplification quality. Added more enzymes result-
ed in stronger amplification, but with decreased specificity
due to tuned up non-specific amplification as well. 
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Figure 5. Optimized IgH FR3-JH protocol tested in B-cell lym-
phoma cases. A, B, D, E: monoclonal products; C: negative con-
trol (no template). (1) template dilution 1:10; (2) template dilu-
tion 1:100. Monoclonality is established if a dominant band of
the same size is consistently demonstrated with both 1:10 and
1:100 template dilutions.
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Figure 6. Optimized TCRγ protocol tested in T-cell lymphoma
cases. A, B, C: monoclonal pattern; D: polyclonal pattern. (1)
template dilution 1:10; (2) template dilution 1:100. Dominant
reproducible band within the expected size range is indicatory
for monoclonal rearrangement in lanes A, B, and C. Polyclonal
pattern is seen in lane D with multiple inconsistent sized bands. 
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Our FFPE clonality assays demonstrated a relative
insensitivity to dNTP content showing close to optimal
amplification in a wide concentration range. However, the
dNTP excess may have inhibitory effect through the bind-
ing of the Mg++ ions; this can be counterbalanced with
higher primer concentrations.

Using crude lysate as template with our improved proto-
col, we were able to detect high monoclonality rates: 74%
(17 out of 23 cases) in the B-cell lymphomas and 68% (31
out of 46) in the T-cell lymphomas tested. These high rates
concur with the figures reported using DNA extracted from
fresh/frozen tissues25,26 or using multiple primer combina-
tions,3 proving the applicability of our optimized method.

In conclusion, our results showed that a slight decrease in
primer concentration in combination with a slight increase of
MgCl2 and Taq polymerase, as well as using diluted crude
template and standard amount of dNTPs can be the modifi-
cations of choice while adjusting IgH and TCRγ clonality
tests on poor quality DNA form FFPE samples. Our experi-
ence suggests that the  empirical adjustment of the PCR para-
meters in FFPE clonality analyses may be of great value in
understanding the trends which can be of help during the
optimization process in technically difficult cases, as well as
in determining which parameters and how should be changed
to minimize false-negative and false-positive results. 

Acknowledgement

We thank Ms. Aniko Sarro and Mrs. Ferencne Danyi for their
excellent technical assistance. 

References

1. Arnold A, Cossman J, Bakhsi A, et al: Immunoglobulin-gene
rearrangements as unique clonal markers in human lymphoid neo-
plasms. N Engl J Med 309: 1593-1599, 1983

2. Korsmeyer SJ: B-lymphoid neoplasms: Immunoglobulin genes as
molecular determinants of clonality, lineage, differentiation, and
translocation. Adv Intern Med 33: 1-15, 1988

3. Van Dongen JJM, Langerak AW, Brüggemann M, et al: Design and
standardization of PCR primers and protocols for detection of clon-
al immunoglobulin and T-cell receptor gene recombination in sus-
pect lymphoproliferations: Report of the BIOMED-2 Concerted
Action BMH4-CT98-3936. Leukemia 17:2257-2317, 2003

4. Trainor KJ, Brisco MJ, Story CJ, Morley AA: Monoclonality in B
lymphoproliferative disorders detected at the DNA level. Blood
75:2220-2222, 1990

5. Lehman CM, Sarago C, Nasim S, et al: Comparison of PCR with
Southern blot hybridization for the routine detection of
immunoglobulin heavy chain gene rearrangements. Am J Clin
Pathol 103:171-176, 1995 

6. Hoeve MA, Krol ADG, Philippo K, et al: Limitations of clonality
analysis of B cell proliferations using CDR3 polymerase chain
reaction. J Clin Pathol:Mol Pathol 53:194-200, 2000

7. Inghirami G, Szabolcs MJ, Yee HT, et al: Detection of immuno-
globulin gene rearrangement of B cell non-Hodgkin’s lymphomas
and leukemias in fresh, unfixed and formalin-fixed, paraffin-
embedded tissue by polymerase chain reaction. Lab Invest 68: 746-
757, 1993

8. McCarthy KP, Sloane JP, Kabarowski JHS, et al: A simplified
method of detection of clonal rearrangements of the T-cell receptor-
g chain gene. Diagn Mol Pathol 1:173-179, 1992

9. Diss TC, Pan L, Peng H, et al: Sources of DNA for detecting B cell
monoclonality using PCR. J Clin Pathol 47:493-496, 1994

10. Coates PJ, d’Ardenne AJ, Khan G, et al: Simplified procedures for
applying the polymerase chain reaction to routinely fixed paraffin
wax sections. J Clin Pathol 44:115-118, 1991

11. Kuppers R, Zhao M, Rajewsky K, et al: Detection of clonal B cell
populations in paraffin-embedded tissues by polymerase chain
reaction. Am J Pathol 143:230-239, 1993

12. Lorenzen J, Jux G, Zhao-Hohn M, et al: Detection of T-cell clonal-
ity in paraffin-embedded tissues. Diagn Mol Pathol 3: 93-99, 1994

13. Solomon MJ, Varshavsky A: Formaldehyde-mediated DNA-protein
crosslinking: a probe for in vivo chromatin structures. PNAS
82:6470-6474, 1985

14. Ben-Ezra J, Johnson DA, Rossi J, et al. Effect of fixation on the
amplification of nucleic acids from paraffin-embedded material by
the polymerase chain reaction. J Histochem Cytochem 39:351-354,
1991

15. Bielawski K, Zaczek A, Lisowska U, et al: The suitability of DNA
extracted from formalin-fixed, paraffin-embedded tissues for dou-
ble differential polymerase chain reaction analysis. Int J Mol Med
8:573-578, 2001

16. Srinivasan M, Sedmak D, Jewell S: Effect of fixatives and tissue
processing on the content and integrity of nucleic acids. Am J
Pathol 161:1961-1971, 2002

17. Metz B, Kersten GF, Hoogerhout P, et al: Identification of
formaldehyde-induced modifications in proteins. Reactions with
model peptides. J Biol Chem 279:6235-6243, 2004

18. Sepp R, Szabo I, Uda H, Sakamoto H: Rapid techniques for DNA
extraction from routinely processed archival tissue for use in PCR.
J Clin Pathol 47: 318-323, 1994

19. Sato Y, Sugie R, Tsuchiya B, et al: Comparison of the DNA extrac-
tion methods for polymerase chain reaction amplification from for-
malin-fixed and paraffin-embedded tissues Diagn Mol Pathol
10:265-271, 2001

20. Shi S-R, Datar R, Liu C, et al: DNA extraction from archival for-
malin-fixed, paraffin-embedded tissues: heat-induced retrieval in
alkaline solution. Histochem Cell Biol 122: 211-218, 2004

21. Gonzalez MD, Gonzalez R, Lopez-Perez R, et al: Heteroduplex
analysis of VDJ amplified segments from rearranged igh genes for
clonality assessments in B-cell non-Hodgkin’s lymphoma. A com-
parison between different strategies. Hematologica 84:779-784,
1999

22. Gurbity TP, Bagdi E, Groen NA, et al: Increased sensitivity of B-
cell clonality analysis in formalin-fixed and paraffin-embedded B-
cell lymphoma samples using an enzyme blend with both 5’->3’
DNA polymerase and 3’->5’ exonuclease activity. Virchows Arch.
, 2003

23. Elenitoba-Johnson KSJ, Bohling SD, Mitchell RS, et al: PCR analy-
sis of the immunoglobulin heavy chain gene in polyclonal process-
es can yield pseudoclonal bands as an artifact of low B cell num-
ber. J Mol Diag 2:92-96, 2000

24. Saiki RK, Gelfand DH, Stoffel S, et al: Primer-directed enzymatic
amplification of DNA with a thermostable DNA polymerase. Sci-
ence 239 487-499, 1988

25. Arber DA, Brazile RM, Bagg A, Bijwaard KE: Evaluation of T cell
receptor testing in lymphoid neoplasms - Results of a multicenter
study of 29 extracted DNA and paraffin-embedded samples. J Mol
Diag 3:133-140, 2001

26. Bagg A, Braziel RM, Arber DA, Bijwaard KE, Chu AY:
Immunoglobulin heavy chain gene analysis in lymphomas – A
multi-center study demonstrating the heterogeneity of performance
of polymerase chain reactions assays. J Mol Diag 4:81-89, 2002

214 BERECZKI et al

PATHOLOGY ONCOLOGY RESEARCH


