Fluorescence In Situ Hybridization:

Uses and Limitations

Alessandro Gozzetti and Michelle M. Le Beau

The development of molecular hybridization techniques such as fluorescence in situ hybridization (FISH) has
had a major impact on efforts to detect and characterize the genetic changes that give rise to human tumors.
With probes designed to identify specific chromosomes and chromosomal regions, FISH is used routinely by
cytogenetics and pathology laboratories to identify recurring chromosomal abnormalities associated with
hematologic malignant diseases. In many cases FISH analysis provides increased sensitivity, in that cytoge-
netic abnormalities have been found in samples that appeared to be normal by morphologic and conventional
cytogenetic examination. The combination of cytogenetic, FISH, and molecular analyses provides a powerful
approach for diagnosing and subclassifying malignant diseases into clinically and biologically relevant
subgroups, in selecting appropriate therapy, and in monitoring the efficacy of therapeutic regimens.
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ECURRING CHROMOSOMAL abnormali-

ties are associated with distinct subtypes of
leukemia or lymphoma with unique morphologic,
immunophenotypic, and dlinical features such as
response to therapy.¢3%4! Thus cytogenetic analysis
of an individual’s malignant cells plays a major role in
the diagnosis and subclassification of a hematologic
neoplasm. Examples of the clinical-cytogenetic sub-
types of acute myeloid leukemia (AML) include the
t(15;17) in acute promyelocytic leukemia (AML-
M3), and the t(8;21) in acute myeloblastic leukemia
with maturation (AML-M2).2636 A number of tecut-
ring abnormalities have also been recognized in solid
tumors. The Catalog of Chromosome Abernations in
Cancer provides a registry of the abnormal karyotypes
identified in tumors; the latest edition describes over
100,000 abnormalities in more than 30,000 neo-
plasms.* The Cancer Chromosome Aberration Project
integrates cytogenetic and genomic databases relevant
to cancer (batp:/fwww.ncbi.nlm.nib.gov/CCAP). Mo-
lecular analysis has revealed that recurring chromo-
somal abnormalities result in the altered function of
oncogenes; thus cytogenetic aberrations represent
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genetic mutations that are involved in the pathogen-
esis and progression of human tumors.?636:39

The interpretation of chromosomal banding pat-
terns for cytogenetics requires highly skilled person-
nel, and it is labor-intensive. Although automated
karyotyping systems are available, the need to analyze
many metaphase cells (20 to 30) remains time-
consuming. Moreover, the analysis of human tumors
is often technically difficult due to the presence of
multiple abnormal cell lines and complex rearrange-
ments. These factors have led investigators to seek
alternative methods for identifying chromosomal ab-
normalities. One such method developed in the
1980s, fluorescence in situ hybridization (FISH),
represented a major advance in chromosomal analy-
sis.333448 The high sensitivity and specificity of FISH
and the speed with which the assays can be performed
have made FISH a powerful technique with numer-
ous applications (Table 1), and it has gained general
acceptance as a clinical laboratory tool. In many cases,
FISH has dlarified the nature of chromosomal abnor-
malities, which were ambiguous with banding analy-
sis alone. Here we present a review of FISH and
outline how this technique can be applied to diagno-
sis, which in turn influences the treatment of hemaro-
logic malignant diseases.

Fluorescence In Situ
Hybridization Techniques

FISH techniques have been reviewed elsewhere?” and
are summarized here. FISH is based on the same

principle as Southern blot analysis, namely, the ability
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Table 1. Applications of Fluorescence in Situ Hybridization

@ Detection of numerical and structural chromosomal
abnormalities

o I|dentification of marker chromosomes (rearranged
chromosomes of uncertain origin)

® Monitoring the effects of therapy

o Detection of early relapse or minimal residual disease

e |dentification of the origin of bone marrow cells fol-
lowing stem cell transplantation

e |dentification of the lineage(s) of neoplastic cells

® Examination of the karyotypic pattern of interphase
cells, including nondividing or terminally differentiated
cells

® Detection of gene deletions and gene amplification

of single-stranded DNA to anneal to complementary
DNA. In the case of FISH, the target is the nuclear
DNA of interphase cells or the DNA of metaphase
chromosomes affixed to a microscope slide. FISH can
also be performed using bone marrow or peripheral
blood smears, or fixed and sectioned tissue. The test
probe is labeled through incorporation of a chemically
modified reporter nucleotide covalently bound to
biotin or digoxigenin, or directly conjugated to fluoro-
chromes. After the test probe anneals to its comple-
mentary sequences, the probe is detected by the
attachment of a fluorochrome to molecules such as
streptavidin or antidigoxigenin antibodies, which have
a high affinity for the reporter nucleotide. A brilliantly
colored signal at the hybridization site is visualized by
fluorescence microscopy.

Probes for FISH

A variety of probes are used to detect chromosomal
abnormalities by FISH; a partial list of those commer-
cially available for cancer diagnostics is given in Table
2. A number of these probes are directly conjugated to
fluorochromes, which has the advantage of eliminat-
ing the secondary detection step; directly labeled
probes also provide strong signal with low back-
ground. FISH probes can be divided into three
groups: (1) probes that identify 2 specific chromosome
structure; (2) probes that hybridize to multiple chromo-
somal sequences; and (3) probes that hybridize to
unique DINA sequences. An example of the first type,
probes that hybridize to a specific chromosome
structure, are o- and B-satellite sequences, which
flank the centromeres of human chromosomes. In
most instances, these sequences are distinct, such that
an o-satellite probe derived from one chromosome
will hybridize to that chromosome only. At present,

centromere-specific probes are available for chromo-
somes 1 to 4, 6 to 12, 15 to 18, and 20, as well as the
Xand Y chromosomes (marketed by Vysis, Downers
Grove, IL, hup/hwww.vysis.com, and Cytocell, Ban-
bury, England, Aup:/www.cytocell.co.uk). Satellite DNA
probes hybridize to multiple copies of the repeat unit
present at the centromeres, which resules in a very
bright fluorescent signal in metaphase and interphase
cells. In a diploid cell, two hybridization signals are
observed, representing the two chromosome ho-
mologs. Hybridization of centromere-specific probes
is particularly suitable for the detection of monosomy,
trisomy, and other aneuploidies in both leukemias
and solid tumors (Fig 1A).254 For example, a centro-
mere-specific probe for chromosome 8 can be used to
detect trisomy 8 by FISH in newly diagnosed patients
with a myelodysplastic syndrome (MDS) or AML,
and to monitor the response to therapy.?® FISH has
also been used to detect minimal residual disease
(MRD) with increased precision, since hundreds of
cells (including nondividing cells) can be examined in
ashort time.?

The second type, chromosome painting probes,
utilize cloned DNA libraries derived from whole,
flow-sorted human chromosomes.!"#” Hybridization
results in the fluorescent staining or “painting” of the
entre chromosome. Chromosome painting probes
are available for each of the human chromosomes,
and are particularly useful in characterizing marker
chromosomes (Vysis, Cytocell, and Cambio, mar-
keted by Vysis) (Fig 1B). Although they are suitable
for use in metaphase cells, painting probes are not
helpful in the analysis of interphase cells because the
signal domains are so large and diffuse. An example of
the power of FISH is that of the €(12;21)(p12;q22) in
acute lymphoblastic leukemia (ALL), which was first
detected through the use of FISH with chromosome
painting probes.’? Due to the similar size and staining
pattern of the chromosomal bands involved in this
rearrangement, it is not visible in standard banding
analysis.

The third type of probe, unique DNA sequence
probes, are usually genomic clones, which vary in size
depending on the nature of the cloning vector. Probes
in this group are particularly useful for detecting
structural rearrangements. One eatly limitation of
FISH was the inability to distinguish more than one
target sequence at a time, which was overcome by the
introduction of hybridization protocols to allow for
the detection of several target sequences simulta-
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Table 2. FISH Probes to Detect Chromosomal Abnormalities

Disease Abnormality Probe Format* Vendort
AML-M2 1(8;21) RUNX1/ETO 2-color dual fusion Vysis
AML-M4Eo inv(16)/t(16;16) CBFB 2-color break-apart Vysis
Ventana
AML-M3 t(15;17) PML/RARA 2-color single fusion Vysis
Ventana
AML t(11923) MLL 2-color break-apart Vysis
Single color Ventana
AML/MDS —5/del(5q) EGR1/5p 2-color deletion Vysis
AML/MDS —7/del(7q) D7S522/CEP7 2-color deletion Vysis
AML/MDS del(20q) D20S108 Single color Vysis
AML/MDS +8 CEP8 Single color Vysis, Cytocell
CML 1(9;22) BCR/ABL 2-color single fusion Vysis
BCR/ABLES 2-color extra signal Vysis
MBCR/ABL 2-color single fusion Ventana
BCR/ABL 2-color dual fusion Ventana
+8 CEP8 Single color Vysis
Cytocell
i(17q) HER2/CEP17 2-color (17q/centromere)  Vysis
Ventana
ALL t(12;21) TEL/AML1 2-color extra signal Vysis
ALL t(11923) MLL 2-color break-apart Vysis
ALL 1(9;22) BCR/ABL ES 2-color extra signal Vysis
MBCR/ABL 2-color single fusion Ventana
mBCR/ABL 2-color single fusion Ventana
CLL +12 CEP12 Single color Vysis
del(13q) D13S25/D13S319  Single color Vysis
NHL-ALCL t(2;5) ALK 2-color break-apart Vysis
MCL t(11;14) CCND1/IGH 2-color dual fusion Vysis
Miscellaneous
Bone marrow transplants CEPX/CEPY Single color or 2 color Vysis
Subtelomeric-each chromo- Single color Vysis
somal arm 2 color Cytocell

Abbreviations: ALCL, anaplastic large cell lymphoma; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia;
CLL, chronic lymphocytic leukemia; CML, chronic myeiogenous leukemia; MCL, Mantle cell lymphoma; MDS, myelodysplastic

syndrome; NHL, non-Hodgkin’s lymphoma.

*In 2-color break-apart probes, DNA sequences from the 5’ and 3’ regions of a single gene are labeled and detected with
red and green fluorochromes. In the germline configuration, a yellow fusion signal is observed, whereas separate red and
green signals are observed when the sequences are separated as a result of a translocation. With 2-color fusion probes, DNA
sequences flanking the breakpoints of the involved genes are brought together to form either 1 (single-fusion probes) or 2
(dual-fusion probes) yellow fusion signal(s). With the 2-color extra-signal (ES) probes, DNA sequences flanking the breakpoint
on the partner chromosomes are brought together to form a fusion yellow signal; however, part of the DNA sequences
recognized by one of the probes may remain at the original site, giving rise to an extra signal in a single color.

FVysis, Downers Grove, IL; Ventana, Tucson, AZ; Cytocell, Banbury, England.

neously. Using multicolor FISH, recurring transloca-
tions can be identified in interphase or metaphase
cells by means of genomic probes that are derived
from the breakpoints.#2% For example, a locus-
specific probe for the BCR gene at 22q11.2 detected
with a green fluorochrome and a locus-specific probe
for the ABL gene at 9934 detected with a red
fluorochrome will appear as a bright yellow spot (the
combination of green and red fluorochromes) in

leukemia cells characterized by the BCR/ABL fusion
gene, resulting from t(9;22)(q34;q11.2) (Fig 1C and
D). The same strategy is being used in clinical
laboratories to detect the fusion genes produced by
other recurring translocations (Table 2).

One class of unique sequence probes currently
available are the “subtelomeric” probes. The ends of

mammalian chromosomes consist of tandem repeats
of a simple six nucleotide unit (TTAGGG), which act
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to protect the telomeres during the process of DNA
replication and mitosis. Adjacent to the telomeres
(100 to 300 kb from the end of each chromosome) is
unique chromosome-specific DNA. Typically, the
telomeric bands of most chromosomes appear as pale
or unstained bands by G-banding methods. Translo-
cations involving the exchange of telomeric material,
one pale band for another, are difficult to discern.
Hybridization of these subtelomeric probes to meta-
phase cells has resulted in the idendfication of cryptic
translocations of telomeric bands, which were unde-
tectable by G-banding.! The power of this method
was first demonstrated for patients with unexplained
mental retardation or congenital abnormalities,>® but
telomeric rearrangements probably also have been
overlooked in neoplastic diseases. This possibility is
important since pale subtelomeric bands are G-C-
rich with a high gene content, and these regions may
contain genes that are involved in tumorigenesis. A
complete set of subtelomeric probes is available
through Vysis; for humans, this set includes 41
probes, rather than 48, since the subtelomeric se-
quences of the p arms of the five acrocentric chromo-
somes (13 to 15, 21, and 22), and the X and Y
chromosomes (shared pseudoautosomal region) are
not included.

FISH Strategies for the Detection
of Recurring Translocations

A variety of strategies have been developed for the
detection of recurring translocations in interphase
cells that take advantage of the ability to detect
hybridized probes using multiple fluorochromes. In
the following discussion, we describe the various
probes available to detect the ©(9;22), and emphasize
the variable sensitivity. Thus the selection of a particu-
lar probe configuration may vary depending on the
application. In the conventional method, a single
fusion signal is detected by the hybridizaton of
dual-color locus-specific probes to their targer se-
quences at the junction of the translocation break-
points. In the example of ©(9;22), the directly labeled
probe contains the 5" portion of the BCR gene at
22q11.2 (Spectrum Green), and the 3’ portion of the
ABL gene (Spectrum Orange) at 9934 (LSI ber/abl
dual-color probe; Vysis). In cells with the £(9;22), one
green and one red signal are observed on the normal
homologs, and a yellow fusion signal is seen on the Ph

chromosome [der(22)t(9;22)], as a result of the
translocation of the ABL sequences to chromosome
22. Probes of this type have a relatively high number
of false-positive fusion signals (2% to 6%) as a result
of the close proximity and random juxtaposition of
target chromosomes in interphase nuclei. The sensitiv-
ity of single-fusion FISH probes is 5% to 10% (mean
number of fusion signals in normal samples plus 2
SD), limiting their use in the detection of MRD.!?

The next generation of BCR/ABL FISH probes,
extra-signal (ES) probes, was introduced recently (Vy-
sis). With the two-color ES probes, DNA sequences
flanking the breakpoints on the chromosomes are
brought together to form a fusion yellow signal;
however, part of the DNA sequences recognized by
one of the probes (ABL) remains at the original site,
giving rise to an extra signal in a single color (red) (Fig
1C and D). False-positive signals can be distinguished
from genuine fusion signals resulting from t(9;22) by
the absence of the extra red signal for the 5" ABL
sequences. The application of these probes results in
improved sensitivity, and they can detect Philadelphia
chromosome (Ph)-positive cells in less than 1% of
nuclei in a sample.>

A third type of probe for detecting the t(9;22) is a
dual fusion signal BCRIABL probe (Ventana Medical
Systems, Tucson, AZ hutp:/www.ventanamed.com). In
this case, the probes span the involved genes: cells
with €(9;22) have one red and one green signal
observed on the normal homologs, and yellow fusion
signals observed on both der(22) and der(9) ho-
mologs (Fig 1E and F). There is a substantially lower
rate of false-positive cells, and the cut-off value for a
positive result is about 1%.# The results of a recent
study suggested that quantitative analysis of 6,000
nudlei could be used to detect MRD with a sensitivity
of approximately 0.2%.'4

A fourth type of probe is the awo-color break-apars
probe. An example is the MLL probe marketed by
Vysis to detect the recurring translocations of 11q23.
In two-color break-apart probes, DNA sequences
from the 5" and 3 regions of a single gene are
differentially labeled and detected with red and green
fluorochromes. In the germline configuration, a yel-
low fusion signal is observed, whereas separate red and
green signals arc observed when the sequences are
separated as a result of a translocation (Fig 1G and H).
The sensitivity of this type of probe is exceedingly
high (cut-off value of ~29%) with excellent specificity.
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Applications of FISH

The applications of FISH in cancer diagnosis are
summarized in Table 1 and have been described in
depth in several recent reviews.*323751 In many cases,
FISH analysis provides increased sensitivity, in that
cytogenetic abnormalities have been detected in
samples that appeared to be normal by morphologic
and conventional cytogenetic analyses. FISH is most
powerful when targeted toward those abnormalities
that are known to be associated with a particular
disease or to occur in a specific patient’s tumor. For
example, cytogenetic analysis is often performed at
the time of diagnosis to identify the chromosomal
abnormalites in an individual patients malignant
cells. Thereafter, FISH can be used to detect residual
disease or early relapse, and to assess the efficacy of
therapeutic regimens. Several clinical-cytogenetic sub-
sets for which FISH is feasible in a clinical setting are
described below; other examples are given in Table 2.

1(9;22)(q345q11.2), BCR/ABL

Approximately 92% of patients with chronic myelog-
enous leukemia (CML) have the standard t(9;22); the
remaining 7% to 8% patients have variant, three-way
translocatons involving chromosomes 9 and 22, and
a third chromosome. In both standard and variant
translocations, the ABL oncogene (9q34) is relocated
adjacent to the BCR gene on chromosome 22 (q11.2).
Most breaks in BCR cluster in a small, 5.8-kb region
between exons b2 and b3, or between b3 and b4,
known as the breakpoint cluster region (ber). In
contrast, the breaks on chromosome 9 occur over
more than 200 kb, usually upstream (5') of exen 1I,
and the ABL coding sequences are translocated to

chromosome 22 and fused in-frame with the BCR
gene, to produce a chimeric protein (p210). In ALL,
the incidence of the t(9;22) is 30% in adults and 5%
in children. In about 30% of adult cases, the molecu-
lar rearrangement is identical to that observed in
CML; in the remaining patients the breakpoint
occurs upstream (5') of ber but still within the BCR
gene, giving rise to smaller fusion proteins (185 to
190 kd).

As described above, several types of FISH probes
are available to detect the t(9;22) in both metaphase
and interphase cells.”'454 All three configurations of
BCR/ABL FISH probes (single-fusion, single-fusion
ES, and dual-fusion) can be used for both standard
and variant translocations; however, the signal pattern
of the dual-fusion probe is altered for variant translo-
cations (one red—one green—two fusion signals be-
comes two red—two green—one fusion signal in variant
translocations). 454 FISH can be performed at diagno-
sis or to monitor the response to treatment.” Of
importance is that FISH can detect the BCR/ABL
fusion in rare cases that are BCR/ABL-positive but
normal by cytogenetic analysis.

1(12521)(p12;q22), ETV6/RUNX1

The t(12;21) is one of the most common transloca-
tions in childhood acute leukemia, accounting for
25% of childhood precursor-B ALL, and defines a
distinct group of patients characterized by age be-
tween 1 and 10 years, B-lineage immunophenotype
(CD10%, CD19%), and favorable outcome.*! The
translocation fuses the 5" helix-loop-helix domain of
ETV6 with the 3" DNA-binding and transactivation
domain of RUNX1. The t(12;21) is not detected by

Figure 1.

(A, B, D, F, H) Photomicrographs of metaphase and interphase cells following FISH; the cells are counterstained

with 4,6-diamidino-2-phenylindole-dihydrochloride (DAPI). A detailed description of the signal configurations for each type of
probe is provided in the text. (A) Hybridization of a directly labeled centromere-specific probe for chromosome 8 (CEP8
Spectrum Green; Vysis) to metaphase and interphase cells with trisomy 8 from a bone marrow aspirate of a patient with AML.
The chromosome 8 homologs are identified with arrows. (B) Hybridization of a directly-labeled chromosome 8-specific
painting probe (WCP8 Spectrum Green; Vysis) to a metaphase cell with trisomy 8 from a bone marrow aspirate of a patient
with AML. The chromosome 8 homologs are identified with arrows. (C) Schematic diagram of the BCR and ABL loci, location of
the BCR/ABL single-fusion ES probe (Vysis), and configuration of signals in interphase cells. (D) Hybridization of the BCR/ABL
ES probe to metaphase and interphase cells with the t(9;22). The fusion signal on the Ph chromosome [der(22)] is identified
with an arrow. (E) Schematic diagram of the BCR and ABL loci, approximate location of the BCR and ABL dual-fusion probe
(Ventana Medical Systems), and configuration of signals in interphase cells. (F) Hybridization of the BCR/ABL dual fusion
probe to metaphase and interphase cells with the 1(9;22). The dual fusion signals on the der(9) and der(22) are identified with
arrows. (G) Schematic diagram of the MLL gene, location of the MLL break-apart probe (Vysis), and configuration of signals in
interphase cells. (H) Hybridization of the MLL break-apart probe to metaphase and interphase cells with the t(9;11). The
der(9) is labeled with the 3’ portion of the MLL gene (red signal, arrow), and the der(22) is labeled with the 5’ portion of MLL
(green signal, arrowhead). Panels C and D are modified from the product literature provided by Vysis.
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cytogenetic analysis, due to the similarity in size and
banding pattern of 12p and 21q, but the transloca-
tion can be found using FISH.

t(11q23)/MLL Rearrangements

Recurring translocations involving the MLL gene at
11q23 are of great interest in acute leukemia for the
following reasons: (1) more than 30 different recur-
ring rearrangements involve MLL; (2) the resulting
translocations occur in both lymphoid and myeloid
leukemias; and (3) they have a very unusual age
distribution, occurring in approximately 75% of
infant leukemias. Translocations of MLL result in the
formation of a chimeric gene on the rearranged
chromosome 11, der(11), consisting of the 5’ region
of MLL and the 3’ region of the partner gene. These
translocations have been associated with an intermedi-
ate to poor dlinical outcome. FISH can detect the
rearrangement, and a dual-color MLL break-apart
probe is available commercially (Vysis). In the past,
the use of commercially available MLL probes for
FISH was limited because MLL sequences 3" of the
breakpoint are deleted in about 25% of padents. As a
consequence, only two signals are observed, rather
than the pattern of three signals indicatdve of a
translocation. This problem has been largely elimi-
nated with the break-apart probe currently available,
which contains a larger amount of 3" MLL sequences.

t(15;17)(q225q11.2-12)/PML RARA
The t(15;17) is highly specific for AML-M3. The

breakpoint on chromosome 17 occurs within the first
intron of the alpha retinoic acid receptor gene (RARA),
and the break on chromosome 15 occurs within the
PML gene. Establishing the diagnosis of APL with the
typical t(15;17) is important because this disease is
sensitive to therapy with all-#zns retinoic acid (ATRA),
whereas other cases of AML and other M3-like
disorders associated with variant translocations (~2%)
do not respond to this treatment. A FISH probe for
the t(15;17) is available, and it can be used in
metaphase and interphase cells as a supplement to
conventional cytogenetic analysis in uncertain cases,
and to monitor the effects of ATRA, arsenic trioxide,
or other therapies.

(8;21)(q22;q22)/ RUNX1/ETO

The ©(8;21) is observed in 18% of all AML patients
with an abnormal karyotype and in 30% of AML-M2

patients, and identifies a morphologically and clini-
cally distinct subset. At the molecular level, the
translocation results in the RUNX1/ETO chimeric
protein. The RUNX1 protein heterodimerizes with
CBFB (see description of the inv(16) below) to form
transcription factor essental for hematopoiesis. The
RUNXI1/ETO fusion protein disrupts the RUNX1
pathway. AML-M2 with the t(8;21) has a favorable
prognosis in adults, but the outcome in children is
poor. A dual-fusion FISH probe has recently become
available to detect this translocation (Table 2).

inv(16) or t(16;16)(p13;q22)/ CBFB/MYH11
The inv(16), or related t(16;16), occurs in virtually all
cases of AML-M4eo leukemia, and overall they
account for 8% of all AML cases. A fusion protein
containing the 5" region of CBFB, fused to the 3’
portion of MYHI1 is produced. CBFB/MYHI11
disrupts the RUNXI transcription factor pathway
required for normal hematopoiesis. The inv(16) is
associated with a good response to chemotherapy,
with an overall 5-year survival rate of 75%. FISH
analysis has revealed that some rearrangements involv-
ing 16p13 or 16q22 were actually masked inv(16).>!
A wwo-color break-apart CBEB probe is available to
detect these rearrangements (Table 2).

t(235) (p233q35)/ALKINPM
The molecular consequence of the t(2;5) is the

production of a unique fusion protein, resulting from
the joining of the nucleophosmin (NPM) gene at
5¢35 to a tyrosine protein kinase gene (ALK) at 2p23.
This rearrangement is characteristic of anaplastic large
cell lymphomas with a T or null phenotype, usually
arising in young patients. The tumors express CD30
(Ki-1), which is also observed in Hodgkin's disease.
The availability of a two-color break-apart ALK FISH
probe (Vysis) is useful to distinguish between these
discases. ALK can also be deregulated by genes other
than NPM in variant 2p23 rearrangements.

t(11;14)(q13:q32)/ CCND1/IGH

The t(11;14) is observed in approximately 75% of
mantle cell lymphomas (MCL), in 20% of prolym-
phocytic leukemias, and up to 20% of multple
myeloma cases. The consequence of the rearrange-
ment is the activation of the cyclin D1 gene (CCNDI)
by the /GH gene. CCND! is located 100 to 130 kb
away from the breakpoint at 11q13, which represents
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an obstacle for the detection of rearrangements by
molecular analysis. Recently, a two-color fusion FISH
probe for MCL, which spans the 350-kb breakpoint
region at 11q13, and the JH and VH regions of /GH,
was introduced (Vysis). FISH analysis using a similar
strategy reported the detection of t(11;14) in 100% of
histologically confirmed MCL cases.?

Chronic Lymphocytic Leukemia

As a result of the low proliferative index, only 50% of
chronic lymphocytic leukemia (CLL) cases are ad-
equate for cytogenetic analysis; of these, about half
have clonal abnormalities.?3%4> The application of
FISH to CLL has substantially enhanced our ability
to detect chromosomal aberrations; the incidence of a
number of recurring abnormalities has been estab-
lished (see below), providing new insights into the
pathogenesis of this disease.

del(13q)/t(13q14). Abnormalities of 13q14 are
the most common aberrations in CLL, identified in
50% of cases examined by FISH but in only 10% to
20% studied by cytogenetic analysis.>* The putative
tumor-suppressor gene at 13q14 is unknown. Early
studies suggested that the retinoblastoma gene (RBI)
was deleted in about 30% of cases, but homozygous
deletions or absence of RBI mRNA are rarely ob-
served. More recently the relevant gene has been
localized distal to RBI, in the interval containing the
D13525/D13S519 loci. The smallest overlapping de-
leted segment of 300 kb has been identified and
cloned; however, mutations have not yet been identi-
fied in candidate genes within this interval.}”-!

Previous studies based on cytogenetic analysis
found that abnormalities of 13q were associated with
carly-stage disease and a better survival; the results
obtained by FISH are conflicting. In two FISH
studies, loss of RBI (24/54, 44%) or the D13S25/
D13S19 loci (28/54, 48%) correlated with longer
survival,”’ and early-stage disease (104/300, 34%)
(the latter finding was not statistically significant).?*
In contrast, in another recent examination, deletions
of D13525/D13S519 were found in 37% of 78 CLL
patients; those who were Rai stage 0 to II with
deletion of 13q14 had a more aggressive disease.>>

Trisomy 12. FISH analysis using a centromere
probe for chromosome 12 identified trisomy in 12%
to 54% of the cases (mean, 20%).2%130 In several
large cytogenetic series, trisomy 12 was associated
with atypical morphology, advanced stage, and shorter
survival. Litte is known about the genomic conse-

quences of this alteration, although a gene dosage
effect has been proposed. A small region at 12q13-15
containing the murine double minute-2 gene
(MDM?2) has been implicated, and overexpression of
MDM?2 was identified in patents with aggressive
disease.!?

del(11q22-23). A deletion of the long arm of
chromosome 11 has been identified in 13% to 19%
of CLL cases examined by FISH analysis, as com-
pared to 7% by cytogenetic analysis. del(11q) is
associated with advanced discase stage, disease progres-
sion, and shorter survival, particularly in patents less
than 55 years old.!® The ataxia-telangiectasia gene
(ATM) is a tumor-suppressor gene, and absence of the
ATM protein correlates with poor outcome. Some
B-CLL patients with loss of heterozygosity for alleles
on 11q have mutations in the remaining A7M
allele.’”

Other abnormalities, Deletion of 17pl13 with
loss of 7P53, observed by FISH in approximately
10% of patients with CLL, is associated with a poor
outcome and drug resistance.!® Deletions of 6q have
been reported in about 10% of B-CLL cases; most
involve 6q21-23, but the relevant gene is unknown.
Abnormalities of 14932 occur in about 8% of cases:
most common is the t(11;14), and the presence of this
translocation may be indicative of MCL. Another
recurring translocation is the €(14;19)(q32;q13) in
approximately 1% of CLL cases, which results in
deregulation of the BCL3 gene.!740

Multiple Myeloma

Chromosomal abnormalities are detected by cytoge-
netic analysis in 30% to 50% of multiple myeloma
(MM) patients.*?2¢ The overall frequency of chromo-
somal abnormalities correlates with the stage of the
disease: stage I, 20%; stage 111, 60%; patients with an
extramedullary mass, 80%, most likely reflecting
increased proliferative activity with disease progres-
sion. By multivariate analysis, patents undergoing
autologous bone marrow transplantation who have
abnormalities of chromosomes 13 and 11 represent
an unfavorable prognostic group.®>’

The use of FISH and spectral karyotyping to
examine MM has had a dramatic effect on our
understanding of the chromosomal pattern of this
disease. First, aneuploidy has been demonstrated in
up to 90% of patients with MM?; trisomy 6, 9, and
17 are associated with improved survival, and trisomy
8 has been correlated with disease progression.?
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Moreover, translocations were identified in virtually
all patients.> Of note is that aneuploidy for chromo-
somes 3,7, 9, or 11 was also detected in monoclonal
gammopathy of undetermined significance (MGUY),
a disorder that evolves into MM in about 25% of
cases.”® Furthermore, a recent study of 158 patients
with MM showed that, in 20 patients with a previous
history of MGUS, the incidence of monosomy 13
detected by FISH was 71% versus 31% in MM
patients without previous MGUS, suggesting the
existence of two distinct diseases.

t(14432). The IGH locus is involved in 20% to
40% of abnormal MM cases by cytogenetic analy-
sis.” In two recent studies, metaphase and interphase
FISH analysis revealed /GH rearrangements in 75%
of MM patients and in 100% of human myeloma cell
lines.>** More than 20 translocation partners have
been identified, confirming that /GH is the most
frequently rearranged gene in this disease. In contrast
to other B-cell neoplasms, where the rearrangement
involves the ] region of /GH, translocations in MM
usually involve the switch region as a consequence of
an illegitimate switch recombination.® A FISH probe
that spans the entire /GH locus, which holds promise
for detecting virtually all /GH translocations, is cur-
rently under development (Vysis).

The fibroblast growth factor receptor 3 gene
(FGFR3) at 4p16 is involved in 15% to 33% of
myeloma cases. Of importance is that this transloca-
tion is usually not detected by cytogenetic analysis
because it involves two pale telomeric bands.!® The
consequence of the t(4;14) is overexpression of FGF3,
as well as the production of a hybrid mRNA IgH-
MMSET (multiple myeloma get domain), resulting
in increased proliferation and decreased apoptosis of
myeloma cells. A second common translocation is the
t(6;14)(p25;932); the partner gene at 6p25, MUM1/
IRF4, is a member of the interferon regulatory factor
family. The t(11;14)(q13;932), characteristic of MCL,
is observed in approximately 20% of cases analyzed by
FISH; this translocation results in overexpression of
CCND1, and a poor prognosis.®® Because the break-
point in /GH involves the switch region, the commer-
cially available CCNDI/IGH probe developed for
MCL is not applicable for the detection of the
translocation in myeloma (a reconfigured probe use-
ful in myeloma is expected to be available soon). The
MAF gene, which encodes a member of the large
family of basic leucine-zipper transcription factors, is
overexpressed in 25% of MM cell lines, as a result of

the t(14;16)(q32;923). Finally, rearrangements of
MYC at 8q24 occur in 10% of myeloma cases, and
involvement of BCL2 at 18q21 has been demon-
strated in rare cases.

del(13q14). A del(13q) is identified in 15% to
20% of MM cases by cytogenetic analysis, and has
been correlated with poor outcome. %2 A recent study
using FISH detected 13q14 abnormalities in up to
40% of the cases and confirmed that loss of 13q is an
independent adverse prognostic factor.”” Although
the RBI gene is deleted in about half of the patients,
no correlation has been found between RBI gene
deletion and protein levels.?” The minimal deleted
region, apparently the same as that involved in other
B-cell neoplasms, spans the region containing the
D135319/D13S25 markers.!?

del(17p13). Monoallelic deletions of 7P53 have
been detected by FISH in up to 50% of newly
diagnosed patients. Loss of 7P53 is correlated with
aggressive disease and short survival after treatment
with conventional chemotherapy.'?

Sensitivity and Specificity of FISH

Several studies have examined the normal range of
values and determined the specificity and sensitivity of
interphase FISH analysis. The reproducibility, sensitiv-
ity, and specificity have been established for a centro-
mete-specific probe for chromosome 8 (Spectrum
Orange Cep8, Vysis).2® The distribution of signals in
bone marrow samples from healthy individuals was
used to establish the cut-off point of 2.65%, or the
maximum number of cells with three signals allowed
before a sample is categorized as positive (mean =+ 2
SD). Of 216 samples examined by cytogenetic analy-
sis, 61 (28.2%) had trisomy 8, 142 (65.7%) were
negative for trisomy 8, and 13 (6.1%) were ambigu-
ous (one metaphase cells with trisomy 8 detected in
20 or 30 cells). Of the 61 cytogenetically positive
cases, 55 were correctly identified as positive for
trisomy 8 by FISH, resulting in an overall sensitivity
of 91%, equivalent to the percentage of abnormal
cases that are appropriately classified. Of the 142
cytogenetically negative cases, 140 were correctly
scored as negative for trisomy 8 by FISH, resuldng in
an overall specificity of 99%, equal to the percentage
of normal cases that are correctly classified. These
findings emphasize that, prior to use on clinical
specimens, investigators must establish the perfor-
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mance of the assay within their laboratory, using
appropriate tissue samples.

Reverse transcription polymerase chain reaction is
used to detect many fusion genes, and it is the method
of choice for detecting MRD. The sensitivity varies
from 107 to 107%. In contrast, the sensitivity of
FISH to detect the t(9;22) was determined to be
1073, with a cut-off value of 0.079%.14

Advantages and Limitations of FISH

FISH has greatly expanded the capabilities of cytoge-
netics and pathology laboratories (Table 3). FISH is
highly sensitive and specific, and it can be performed
rapidly. In contrast, cytogenetic analysis is very labor-
intensive, and results are not available for 1 to 3 weeks
in all but exceptional cases. Material for FISH can be

Table 3. Advantages and Limitations of FISH

Advantages

® Rapid technique, and large humbers of cells can be
scored in a short period.

® Efficiency of hybridization and detection is high.

® Sensitivity and specificity is high.

® Cytogenetic data can be obtained from nondividing
or terminally differentiated cells.

® Cytogenetic data can be obtained from poor
samples that contain too few cells for routine cyto-
genetic analysis (post-treatment samples or hypo-
cellular samples).

® Technique permits direct correlation of cytogenetic
and morphologic features, enabling pathologists to
differentiate malignant from benign conditions in
equivocal cases.

® Method has been adapted for automated systems
(useful for some probes, such as centromere-spe-
cific probes).

Limitations

® Restricted to those abnormalities that can be
detected with currently available probes.

® Only one or a few abnormalities can be assessed
simultaneously.

® Cytogenetic data can be obtained only for the target
chromosomes; thus, FISH is not a good screening
tool for cytogenetically heterogeneous diseases, eg,
AML or ALL.

® Due to failure to detect signal, FISH is highly sensi-
tive for trisomy but less sensitive for detecting chro-
mosome loss or deletion.

® Processing of bone marrow or peripheral blood
samples is relatively simple; however, preparation of
paraffin-embedded tissues or frozen sections from
solid tumors or lymph node biopsies is substantially
more difficult.

® Requires fluorescence microscopy and an image
analysis system.

processed in 4 to 24 hours, and the analysis of 1,000
to 2,000 cells accomplished in 15 to 45 minutes.
FISH enables information on the cytogenetic pattern
of tumor cells to be obtained in a time-frame
sufficient for data to be considered in treatment
decisions. The complementary use of cytogenetic
analysis and FISH provides a remarkably powerful
tool for cancer cytogeneticists. For example, the ability
to target FISH studies toward specific cytogenetic
abnormalities can provide data that are essential for
the clinical management of a cancer patient, such as
the use of a chromosome 8-specific centromere probe
to detect MRD following treatment in an AML
patient who had trisomy 8 on cytogenetic analysis at
the time of diagnosis.

The limitations of FISH are given in Table 3. Most
notable is that the detection of abnormalities is
restricted by the probes currently available (Table 2).
At present, there are centromere-specific probes for all
of the human chromosomes; thus, a gain of a
chromosome can be detected with high sensitivity.
Abnormalities such as recurring translocations and
deletions are best identified with probes that are
derived from the bands containing the breakpoints or
from probes within the deleted segment. In the past,
relatively few translocations could be detected by
FISH; however, this situation has dramatically im-
proved over the past few years as probes have (or soon
will) become available for the most commonly recur-
ring translocations, particularly those with diagnostic
and prognostic significance.

Other limitations of FISH are technical. First, the
method has been demonstrated to be highly sensitive
for the detection of trisomy but less so for chromo-
some loss.”” The false monosomy rate (presence of
only one signal in a diploid cell) can vary from 3% to
9% of all nucleated cells in preparations from bone
marrow or peripheral blood; therefore, the ability of
FISH to detect monosomy in a small percentage of
the cell population, as in MRD, is limited. Second,
processing of bone marrow and peripheral blood cells
from patients with hemarologic malignant diseases is
relatively simple, but the preparation of other tissues,
such as paraffin-embedded tissues or frozen sections
from lymph node biopsies, is much more difficult.
Artifacts created by crushing and sectioning of tissue,
and technical factors related to penetration of the
probe into the cell nucleus, can lead to misleading
results. In these tissues, the percentage of cells showing
false monosomy may be very high (>50%). Autofluo-
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rescence of tissue or precipitation of the probe or
fluorochrome may lead to a incorrect interpretation of
additional copies of the target chromosome. Many of
these problems have been partially eliminated by
improvements in hybridization techniques; in other
cases, evaluation of the efficiency of a particular
hybridization can be facilitated by cohybridization of
a control probe.

A third major problem with FISH is that data can
be obtained only for the target chromosomes. In
contrast, conventional cytogenetic analysis can detect
the presence of virtually all chromosomal abnormali-
ties, including multiple lesions, by a single test.
Multicolor FISH improves this situation by allowing
the simultaneous visualization of two or more DNA
regions; spectral karyotyping (SKY), multiplex FISH,
and cross-species color banding (Rx-FISH) also allevi-
ate this difficulty (see chapter by Schrick and Padilla-
Nash).

FISH requires an imaging system, including a
charge-coupled device camera, computer, and image
analysis software. Together with the expense of a
fluorescence microscope, the start-up costs can range
from $80,000 to $120,000. Cumbersome early soft-
ware has been replaced by improved current versions.
Probes and reagents represent an additional expense
(with the necessary positive and negative controls, the
costs are about $80 to $100 per case).

Further limitations are that each laboratory must
establish criteria for acceptable performance (sensitiv-
ity and specificity) and cut-off values for each probe,
and validate each batch of probe. The Laboratory
Practice Committee of the American College of
Medical Genetics has established the “Standards and
Guidelines for Clinical Genetics Laboratories” (sec-
ond edition 1999; available through wwwfaseb.org/
geneticslacmg). These establish procedures for probe
validation, assay validation, and analytical sensitivity.
With the exception of several probes marketed by
Vysis, most of the FISH probes available commer-
cially have not yet reccived US Food and Drug
Administraton approval for diagnostic use. As a
result, some laboratories continue to use both cytoge-
netic and FISH methods to test the same clinical
sample, rather than FISH alone.

Because of these limitations, FISH does not yet
circumvent the need for a complete cytogenetic
analysis of banded chromosomes in the initial diagnos-

tic specimen. At present, FISH is mostdy used in
conjunction with cytogenetic analysis.

Recent Developments in FISH

Despite its high sensitivity and specificity, FISH has
not yet had the full impact on clinical diagnostics that
many geneticists predicted 10 years ago. Ultimately,
FISH has been limited by the availability of commer-
cially available, specific probes with high performance
in a clinical setting. This situation has changed
dramatically in the past few years, as probes to detect
the most frequent abnormalities in myeloid disorders
are now available (Table 2). The development of
probes for recurring abnormalities in lymphoid malig-
nancies has lagged behind that in the myeloid disor-
ders; however, probes for the t(11;14) in MCL have
been introduced recently; and those for the t(14;18)
and t(8;14) are under development and are expected
to be available by the end of 2000. Another important
probe that will be available soon spans the /GH locus.
Such a probe will enable the detection of any /GH
translocation in interphase cells and should be ex-
tremely valuable in distinguishing a reactive from a
malignant process in lymph node or tissue biopsies.

The development of collections of probes (a
myeloid panel, a lymphoid panel, a muldple my-
eloma panel, etc) is under consideration by several
commercial providers and holds the promise of
reducing the cost of applying multiple FISH probes,
as well as increasing the speed with which multiple
assays are performed.” The ready availability of such
panels as well as probes for dlinically relevant abnor-
malities would make feasible rapid FISH frontline test
for detecting chromosomal abnormalities at diagno-
sis. Other recent developments, such as the recogni-
don that dual-fusion signal probes and two-color
break-apart probes provide increased sensitivity, will
improve FISH, as current configurations are con-
verted to more sensitive schemas in the near future.
Other promising advances include peptide nucleic
acid probes (DNA analogs in which the deoxyribose
has been replaced by 2-aminoethyl glycine), which
have very rapid hybridization kinetics and stable
formation of duplexes with complementary DNA,*
and padlock probes.?

Some of the most recent innovations lend them-
selves well to automation, as in hybridization cham-
bers. Several commercially available imaging systems
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offer flexibility in image acquisition and analysis,
including the enumeration of fluorescent signals in
interphase nuclei. Microscope and imaging compa-
nies have turned their attention to the development of
automated metaphase finding systems adapted for
fluorescence; such systems would eliminate a time-
consuming step in the FISH analysis of metaphase
cells.

Finally, SKY and Rx-FISH now provides the
power to analyze the entire genome in a single
hybridization experiment. Together, the combination
of cytogenetic, FISH, and SKY analyses incorporates
the screening potential of cytogenetics with the accu-
racy of molecular genetics techniques, which will lead
to better understanding of neoplastic diseases, more
accurate diagnosis, stratification of patients into ge-
netic subgroups, and eventual improvements in treat-
ment and outcome.
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