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Follicular lymphomas (FLs) can be difficult to diag-
nose on aspirated specimens since the architectural
pattern is not present. FLs characteristically have re-
arrangements in the IgH and BCL2 genes resulting from
the reciprocal t(14;18) (q32; q21) translocation. Because
of the dispersed distribution of breakpoints, fluores-
cence in situ hybridization (FISH) using genomic
probes that span or flank the breakpoints is ideal for
detecting this rearrangement in fine-needle aspiration
(FNA) biopsies. To develop a set of probes, a bacterial
artificial chromosome library was screened and the
clones were mapped by fiber FISH. The probes were
produced by the direct incorporation of fluorochrome-
labeled nucleotides. The colocalization base FISH assay
was applied to Cytospin preparations from FNA biop-
sies of lymph nodes from 26 patients with FL and 10
patients without FL. In those with FL, the percentage of
cells with at least one IgH/BCL2 fusion signal ranged
from 22% to 100% (mean, 63%), which was statistically
significantly higher than that in FL-negative samples
(mean, 2.7%). The probes demonstrated a significantly
lower cutoff value (7%) in normal controls and effec-
tively reduced the false-positive rate in FL-negative
cases. These results were confirmed with fiber FISH
assays on the same specimens. This interphase FISH
assay is rapid and reliable for detecting rearrangements
in the IGH/BCL2 gene, thereby aiding in the diagnosis
of FL on FNA biopsy specimens. (J Mol Diagn 2002,
4:144–149)

Follicular lymphoma (FL) is the most common type of
non-Hodgkin’s B-cell lymphoma in the United States. On
histology, these lymphomas have a follicular architecture
and are composed of a mixture of follicular center cells.
Fine-needle aspiration (FNA) of FL can be difficult in

some instances because of a lack of architecture and
limited immunomarkers. However, since FLs have a char-
acteristic chromosomal abnormality, the t(14;18) translo-
cation, its detection would support the diagnosis of FL.

The t(14;18) translocation leads to the juxtaposition of
the BCL2 gene (18q21) and the IgH locus (14q32). This
IgH/BCL2 rearrangement results in overexpression of the
BCL2 oncogene, which is thought to result in neoplasia
by interfering with the normal apoptosis of B lympho-
cytes.1 On the BCL2 gene, 60% to 70% of breakpoints
are clustered in the major breakpoint region (MBR) lo-
cated in the 3� noncoding region, 20% to 30% occur in
the minor cluster region (mcr) situated in the 3� flanking
region, and the rest are widely scattered over the BCL2
genomic region.2 The breakpoints on chromosome 14
mostly lie in the joining region (J) on IgH.3,4

Conventional cytogenetic analysis detects the t(14;
18) translocation in only about 86% of FLs and requires
fresh tissue and meticulous sample preparation.5 Mo-
lecular studies, including Southern blotting and poly-
merase chain reaction (PCR), fail to detect breakpoints
outside the MBR and mcr regions, because of the
dispersed breakpoints on both chromosomes. Alterna-
tively, long-distance PCR amplification may detect an
IgH/BCL2 rearrangement occurring within the approx-
imately 30-kb region downstream from the MBR of
BCL2, but this rather demanding technique is not avail-
able in many laboratories.6

Interphase fluorescence in situ hybridization (FISH)
with specific genomic DNA probes for genes not only
complements conventional cytogenetic, Southern blot,
and PCR methods, it also can detect genomic aberra-
tions at the level of individual cells. Therefore, it is a useful
technique for detecting chromosome translocations. Two
types of the interphase FISH approach are available for
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detecting the IgH/BCL2 gene. The first type is a segre-
gation assay with probes for the BCL2 gene that will split
in the case of a chromosomal breakpoint. However, the
presence of segregation BCL2 signals is not direct proof
of the t(14;18) translocation. For example, this type does
not differentiate the t(14;18) translocation from polysomy
18 or from the t(2;18) or t(18;22) translocations.7 The
second type is a colocalization base interphase FISH
assay that uses specific probes for BCL2 and IgH. The
IgH/BCL2 fusion is indicated directly by the touching or
superimposed signals of two probes. Because this ap-
proach permits rapid screening of interphase nuclei and
yields straightforward results, its use is preferable to seg-
regation interphase analysis in clinical samples. How-
ever, the low detection efficiency of this second ap-
proach has made interpretation of results unreliable
because the false-positive and false-negative rates have
been high, mainly as a result of previous probe designs
and the selection of DNA clones such as yeast artificial
chromosome (YAC) and cosmid probes.8 In addition, the
use of these clones requires more complicated DNA
preparation methods. Thus, in a diagnostic setting, using
these clones as probes severely reduces the practical
value of the colocalization base interphase FISH assay.
Furthermore, all previous FISH analyses of the IgH/BCL2
rearrangement have been performed on the metaphase
and on cytogenetic preparations from peripheral, bone
marrow, or tissue biopsy specimens. So far, no data are
available on the application of FISH to cytologic speci-
mens such as those obtained by FNA biopsy.

We reasoned that with the correct combination of
probes, we should be able to overcome the problems
with the colocalization base interphase FISH assay. To
detect the IgH/BCL2 rearrangement simply and reliably,
we have isolated by PCR and mapped by DNA fiber FISH
assay bacterial artificial chromosome (BAC) clones that
cover the entire BCL2 gene and the constant (C), J, and
diversity (D) regions of the IgH locus. Using these
probes, we designed and applied a colocalization base
FISH assay to FNA biopsy specimens of lymph nodes
from patients with and without FL. We validated the re-
sults by PCR analysis and DNA fiber FISH assay with the
same probes.

Materials and Methods

Samples

FNA biopsy specimens of lymph nodes from 36 patients
showed 26 cases of FL, 8 cases of B-cell small lympho-
cytic lymphoma (SLL), and 2 cases of large B-cell lym-
phoma. Four specimens of lymphoid tissue without a
diagnosis of lymphoma were used as normal controls
(Table 1). The specimens were analyzed by three-color
flow cytometry immunophenotypic studies using a bat-
tery of monoclonal antibodies specific for lymphoid anti-
gens. All cases were reviewed by two experienced pa-
thologists (R.L.K. and F.L.), and classified according to
the Revised European-American Lymphoma (REAL)
classification system. The diagnosis was based on both

morphological and immunophenotypic findings. All pa-
tients in this study also underwent tissue biopsy to con-
firm the diagnosis. MBR/IgH and mcr/IgH PCR amplifica-
tion were also performed in parallel in all FL cases.
Peripheral blood leukocytes were obtained from one nor-
mal, healthy donor. A human follicular large-cell lym-
phoma cell line (WSU-NHL) that had the IgH/BCL2 rear-
rangement was purchased from the German Collection
of Microorganisms and Cell Cultures (Braunschweig,
Germany).

Preparation of Interphase Nuclei and DNA
Fibers

A portion of the aspirated sample was rinsed in RPMI
1460 (JRH Biosciences, Inc., Lenexa, KS) medium, and
the lymphocytes were separated with a Ficoll-Hypaque
gradient technique. The mononuclear cells were pre-
pared using cytocentrifugation on silane-coated slides at

Table 1. Histologic Features of 36 Patients and Results of
FISH and PCR Analyses

Case
Histologic type

and grade

Percentage of
cells with

fusion signals PCR*

01 SLL 1 N
02 SLL 1 N
03 SLL 2 �
04 SLL 2 N
05 SLL 2 N
06 SLL 3 �
07 SLL 5 N
08 SLL 5 N
09 Large B-cell lymphoma 4 N
10 Large B-cell lymphoma 3 N
11 FL(SCL) I 4 �
12 FL(SCL) I 88 �
13 FL(SCL) I 69 �
14 FL(SCL) I 32 �
15 FL(SCL) I 38 �
16 FL(SCL) I 58 �
17 FL(MXL) II 22 �
18 FL(MXL) II 50 �
19 FL(MXL) II 60 �
20 FL(MXL) II 3 �
21 FL(MXL) II 74 �
22 FL(SCL) II 76 �
23 FL(MXL) II 80 �
24 FL(MXL) II 83.5 �
25 FL(MXL) II 86 �
26 FL(MXL) II 90 �
27 FL(MXL) II 92 �
28 FL(LCL) III 82 �
29 FL(LCL) III 76 �
30 FL(LCL) III 62.5 �
31 FL(LCL) III 48 �
32 FL(LCL) III 48.5 �
33 FL(LCL) III 32 �
34 FL(LCL) III 100 �
35 FL(LCL) III 49 �
36 FL(LCL) III 33 �

*�, negative; �, positive.
SLL, small lymphocytic lymphoma; follicular lymphoma (small

cleaved cell type); FL(MXL), follicular lymphoma (mixed small cleaved
cell and large cell type); FL(LCL), follicular lymphoma (large cell type).
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a concentration of 2 � 106 cells/ml and then fixed in FISH
fixative (3 parts methanol:1 part acetic acid).

Normal DNA fiber preparations were made as de-
scribed previously.9 In brief, normal peripheral blood
lymphocytes, at a concentration of 1 � 107 cells/ml, were
embedded in 1% low-melting-point agarose (Promega,
Madison, WI). Agarose blocks were incubated at 50°C in
2 mg/ml proteinase K for 48 hours, then washed in three
changes of 1X 10 mM Tris-HCl/1 mM EDTA (TE) and
treated with 100 �g/ml RNaseA in 2X 37.5 mM NaCl/3.75
mM sodium citrate (SSC) (Vysis, Downers Grove, IL). A
small piece of the agarose-embedded DNA was placed
on a microscope slide, and 14 �l of water was added.
The DNA was extended mechanically on the slide by
using the edge of another slide.

DNA fibers from the Cytospin preparations were made
as follows: slides were fitted into plastic Cadenza cham-
bers (Thermo Shandon, Inc., Pittsburgh, PA), and 150 �l
of lysis solution (5 parts 70 mmol/L NaOH, 2 parts etha-
nol) was applied to the top of the chamber. The meniscus
of the lysis solution was allowed to move down the slide.
As the level droped below the frosted edge of the slide,
200 �l of ethanol was added and allowed to drain briefly.
The slides were then fixed in Carnoy’s solution for 10
minutes.

Probes for FISH Assays

To obtain an appropriate BCL2 probe for FISH assay, we
screened an 8X genomic-coverage BAC library (Re-
search Genetics Inc., Huntsville, AL) with a PCR-based
screening protocol with specific primers for exon II and
mcr.10 The size of each BAC was estimated from agarose
gels after enzyme digestion. The chromosomal location
of the clones was confirmed on a normal metaphase
spread in combination with a centromeric probe for chro-
mosome 18 (CEP 18; Vysis, Downers Grove, IL). Map-
ping of the overlapping region of the BACs was per-
formed on normal DNA fibers with dual-color labeling.11

Similarly, a BAC clone for IgH was isolated by PCR with
human STS SHGC-11760 primer, and clone mapping
was performed with specific primers for the C and J
regions.11–13 The chromosomal location was confirmed
using a normal metaphase spread in combination with a
centromeric probe for chromosome 14 (CEP 14; Vysis).
The size and mapping region of the BAC probe on IgH
were analyzed on normal DNA fibers with a known 110-kb
BAC clone (kindly provided by Mariano Rocchi, DAPEG
Sezione di Genetica, Bari, Italy), which was mapped on
the J and D regions.

FISH Assays

For FISH assays, the IgH probe was directly labeled by
nick translation with SpectrumGreen-dUTP (Vysis), and
the BCL2 probe was labeled with SpectrumOrange-dUTP
(Vysis). One hundred nanograms of each probe was
mixed with a 30-fold excess of human Cot-1 DNA (BRL-
Life Technologies, Rockville, MD) in 10 �l of LSI hybrid-
ization buffer (Vysis), and mounted on a slide. Hybridiza-

tion was performed using the HYBrite hybridization
system (Vysis), and post-washing was performed as de-
scribed previously.14 Interphase nuclei and DNA fibers
were carefully examined using Leica microscopes
equipped with appropriate filter sets for visualizing Spec-
trumGreen, SpectrumOrange, and DAPI counterstains
(Leica Microsystems, Inc., Buffalo, NY). Images were
captured using CytoVision (Applied Imaging Corpora-
tion, Santa Clara, CA).

PCR Analysis

PCR analysis was carried out to determine the presence
of JH/BCL2 fusion DNA sequences consistent with the
t(14;18) (q32;q21) translocation using the primers and
methods described by Lee et al.15,16

Results

Validation of Probes

One BAC clone (442F20) was mapped by PCR on the C
and J regions of IgH, spanning 220 kb. The size and
mapping region of the probe was confirmed by dual-
color FISH on normal DNA fiber with the known 110-kb
BAC dJ998D24. The 442F20 clone overlaps with
dJ998D24 with a 20-kb common region. Therefore, the
IgH probe is 310 kb long, covering the C, J, and D
regions of the IgH locus (Figure 1).

Two positive BAC clones were identified for the BCL2
gene: 253F8 was positive for the primer of exon II, and
260D23 was positive for the MBR and the mcr. These
clones were determined to be approximately 180 kb and
170 kb long, respectively, by agarose gel. They overlap
approximately 50 kb on normal DNA fibers (Figure 1). The
total length of the BCL2 probe was estimated to be �300
kb, spanning the entire 225 kb of BCL2 and its 5� and 3�
flanking genomic regions. A FISH assay on the normal
metaphase confirmed the chromosomal location of the
IgH probe on 14q32 and the signals of the BCL2 probe on
18q21 (Figure 2A).

On the control interphase from the normal lymphoid
tissues, two green signals (corresponding to the IgH
probe) and two orange signals (corresponding to the
BCL2 probe) were detected (Figure 2B). Colocalization of
the two probes or IGH/BCL2 fusion (Figure 2C) was con-
sidered present by interphase FISH if there were only
yellow signals or two touching signals without any inter-
val, whereas with DNA fiber FISH, a single linear DNA
molecule with two juxtaposed color barcode signals was
considered positive for IgH/BCL2 fusion (Figure 2D).

For normal controls, we analyzed 200 consecutive nu-
clei per slide from the four lymph nodes without malig-
nancy. Colocalized fusion signals were found in 0% to 5%
of the cells (mean false positivity, 2%), whereas the pos-
itive IgH/BCL2 rearrangement cell line (WSU-NHL)
showed that 76% of cells had at least one fusion signal.
The cutoff value for positivity was determined to be 7%
(mean � 3 standard deviations). The same normal con-
trol specimens were analyzed by fiber FISH. At least 30
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fibers were scored for the presence of the IgH/BCL2
rearrangement. Juxtaposition signals ranged from 0% to
3%. The cutoff value for positivity was fixed at 7%.

Detection of IgH/BCL2 Rearrangement by FISH
in Patients

The IgH/BCL2 rearrangement was found in 24 of the 26
patients with FL (Table 1). In the positive samples, the
percentage of cells with at least one IgH/BCL2 fusion was
variable, ranging from 22% to 100% (mean, 63%), statis-
tically significantly higher than the 7% cutoff value. Al-
though the percentage of cells with fusion of two probes
in the FL-negative samples ranged from 1% to 5%, this
range was significantly lower than that observed for FL-
positive cases; however, no significant difference oc-
curred between this range and that of the normal controls
(Table 1).

In all 24 positive cases detected by interphase FISH,
the IgH/BCL2 rearrangement was confirmed by fiber
FISH with the same probes, and the abnormality oc-

curred in 10% to 79%. The two cases that were negative
for the rearrangement by interphase FISH were also neg-
ative by fiber FISH, although 36% of the cells in one of the
two cases showed two IgH signals and multiple BCL2
signals. A dual-color FISH analysis of the case with the
CEP 18 and BCL2 BAC probes always showed two sig-
nals of the CEP 18 per cell, which excludes the possibility
that multiple BCL2 signals were simply a result of aneu-
ploidy of the entire chromosome 18 in the cases.

Comparison of FISH Assay and PCR Analyses

Among the 24 FL-positive cases detected by both FISH
techniques, 19 were also positive by PCR analysis. The
two cases that were negative by the FISH techniques also
were negative by PCR. Only two of the FL-negative sam-
ples were tested by PCR, and they were negative for the
IgH/BCL2 rearrangement (Table 1).

Discussion

Although typical cases of FL are easily recognized with
morphological and immunological analyses, the diagno-
sis may be difficult in atypical cases or with limited sam-
ple. Therefore, a reliable test that could aid in the diag-
nosis of FLs on small samples such as those obtained
from FNA biopsies would be clinically useful.

Our new set of DNA probes rapidly and reliably de-
tected the IgH/BCL2 rearrangement in 92% of the spec-
imens from patients with FL without false positivity in the
normal controls or the FL-negative specimens. This 92%
positivity demonstrated a high level of diagnostic sensi-
tivity of this set of probes in cytologic preparations from
FL; the sensitivity of the probes in interphase was con-
firmed by fiber FISH. Our results suggest that these new

Figure 1. Mapping of IgH and BCL2 probes by fiber FISH assay on DNA
fibers of normal peripheral blood leukocytes. The top fiber shows the
position of bacterial artificial chromosomes 442F20 (orange bar) and
dJ998D24 (green bar) relative to the IgH locus. 442F20 was mapped on the
constant and joining regions of IgH; it spans 220 kb and overlaps with the
110-kb dJ998D24, which covers the joining and diversity regions. The over-
lapping region is 20 kb long, indicated by the yellow barcode. The total size
of the IgH probe is 310 kb. The bottom fiber shows the position of BACs
260D23 (orange bar) and 253F8 (green bar) relative to the BCL2 gene.
260D23 was mapped on exons II and III and on the major breakpoint and
minor cluster regions, spanning 170 kb. 253F8 is 180 kb long, covering exons
I, II, and III. The clones are connected to each other with approximately 50
kb of overlap (yellow). The total length of the BCL2 probe is 300 kb,
spanning the entire 225 kb of BCL2 and its 5� and 3� flanking genomic
regions.

Figure 2. A: FISH on normal metaphase shows the chromosomal locations
of the IgH probe on 14q32 (green) and the BCL2 probe on 18q21 (orange).
B: Normal interphase nuclei show two IgH probe signals (green) and two
BCL2 probe signals (orange). C: Detection of t(14;18) (14q32;18q21) in
interphase nuclei of a specimen from a patient with follicular lymphoma
shows yellow or touching signals of two different color probes, indicating
colocalization of IgH/BCL2 fusion. D: Detection of t(14;18) (14q32;18q21)
with fiber FISH on a specimen from a patient with follicular lymphoma; a
single linear DNA fiber with two juxtaposed color barcode signals indicates
IgH (green) and BCL2 (orange) fusion.
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probes are particularly advantageous for use with cyto-
logic specimens that have limited cellularity and contain
desegregated cells.

The colocalization base interphase FISH approach
was previously reported to have a low detection effi-
ciency because of highly variable false-positive rates in
normal nuclei and false-negative rate in positive cells.17 It
is extremely difficult to distinguish positive cases from
normal samples when the percentage of cells with fusion
signals is close to the cutoff value, particularly in tumor
specimens that have a large number of normal cells. The
false-positive rate may be ascribed mainly to unstable
and chimeric YAC clone DNA because the YAC clones
contain unstable and chimeric DNA sequences, which
often yield diffuse, nonspecific signals.18–20 In addition,
detection of the YAC probe requires an antibody immu-
nostaining technique; this strategy also increases non-
specific signals. Therefore, YAC signals are scored am-
biguously and the rates of false fusion and coincidental
colocalization signals are high, further yielding a high
average rate of false-positive nuclei, especially in the
interphase.21 On the other hand, the false-negative rate
may frequently result from probes that consist of a pool of
YAC and a small clone, such as a phage or cosmid,
because these clones cover only partial regions of genes
and have genomic gaps. In this case, some complex rear-
rangements, such as excision of the BCL2 gene from chro-
mosome 18 and insertion into the IgH locus and break-
points that locate very telomerically on one gene and very
centromerically on another gene, would be undetected by
one 5� probe and one 3� probe of BCL2 or IgH.22 This is
especially true when the cells are in the S/G2 phases of the
cell cycle. Furthermore, the physical distance of the two
probes within fusion signals may vary widely as the sizes of
the cells and nuclei and the location of the breakpoints
change. Therefore, if there are gaps in both probes, it will be
very difficult to fix a cutoff distance for determining whether
signals are fused or separated. This would lead to high
inter-observer variability making the interpretation of the
results even more difficult.4,17,23

We set out to develop new sets of probes by using BAC
clones. The insert of the BAC clone has high genomic
coverage and is 80 to 300 kb long, which is several times
longer than that in a cosmid or phage (10 to 30 kb), and
therefore provides relatively efficient analysis data.24 We
labeled the DNA directly without amplifying human DNA
using Alu-PCR because the BAC clone contains a highly
stable and rich human genomic insert. This set of BAC
clones always results in clear, sharp, bright spots on mono-
layer cytologic preparations. In addition, the probes were
produced by the direct incorporation of fluorochrome-
labeled nucleotides that eliminate the need for immuno-
staining to amplify the signals, thereby reducing nonspe-
cific hybridization. In normal controls, the probes have a low
cutoff value and show a significantly low percentage of
false-positive IgH/BCL2 fusion cells in FL-negative samples,
effectively eliminating false positivity.

As shown with normal DNA fibers, two BAC clones of
the BCL2 probe have a minimal overlap of 50 kb, cover-
ing the entire gene from upstream of 3� to downstream of

5�. The IgH BAC probe spans the C, J, and D regions of
the locus. There are no sequence gaps in the probes,
effectively eliminating the possibility of false negatives.
Because breakpoints always occur in the J region of IgH
in FL whenever t(14;18) involves the IgH/BCL2 rearrange-
ment, breakage of the BCL2 is demonstrated by fusion of
the different labeled probes on chromosome 14,18 or
both. In this study, the probes were designed to eliminate
the false-positive rate. Only the touching or overlapping
of two different color probes was considered to be a
fusion signal, and this was confirmed by the close con-
nection of two different color barcode signals in a single
DNA fiber on the same cases. According to this criterion,
an elevated percentage of nuclei with at least one fusion
signal was demonstrated in 24 of the 26 FL cases (mean,
63%). In contrast, no FL-negative sample contained more
than 5% of nuclei with fusion signals. This difference in
the percentage of fusion signals between FL-positive and
FL-negative cases was statistically significant.

PCR analysis detected the IgH/BCL2 rearrangement in
19 of 26 cases of FL. Even though it can confirm a
cytologic diagnosis of lymphoma in FNA specimens, PCR
is of limited value in the diagnosis of FL without morpho-
logical or clinical support because of its high rate of false
negativity.25 Compared with PCR analysis, the dual-color
colocalization base FISH assay with our set of probes is
much more sensitive (92 vs. 73%) for detecting IgH/BCL2
rearrangement in cytologic specimens.

Two documented FL-positive cases were negative for
IgH/BCL2 fusion by both FISH and PCR analyses. It is
interesting to note, however, that 36% of cells in one of
the two samples demonstrated multiple BCL2 signals by
FISH, suggesting a split, amplification, or rearrangement
of the BCL2 gene and resulting in overexpression of the
BCL2 oncogene. This probably indicates that the trans-
formation of FL cells in this case was not associated with
a chromosomal translocation involving IgH but instead
was associated with another chromosomal locus or
mechanism, such as mutations of the BCL2 gene. This
might cause increased expression of BCL2 by affecting
the interactions of BCL2 with other proteins.26–28 How-
ever, with our unique probes, we could still detect the
genomic rearrangement of the BCL2 gene.

Recently, using a commercial set of probes (Vysis),
Frater et al29 detected t(14; 18) (q32; q21) translocation
in 25 of 39 FL cases. Their sensitivity (64%) is the lowest
in all reported studies using FISH to detect t(14;18) and is
even lower than that in the studies using PCR and con-
ventional cytogenetic methods.4,8,21,23,29 The practical
value of the commercial probes needs to be validated in
further well-designed studies, especially in terms of sen-
sitivity, specificity, and cutoff value. Our new set of
probes is more convenient and more sensitive than those
previously used to detect the IgH/BCL2 fusion. Our co-
localization base FISH assay can be a useful adjunct in
diagnosing FLs, especially on small samples such as
those obtained by FNA biopsy. Thus, these small sam-
ples can be accurately classified which will aid in pre-
dicting the biological and clinical behavior of the disease.
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