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Multi-color (or multi-marker) fluorescence in situ hybridization (mFISH) is
a well-established, valuable, complementary tool for prenatal and pathologi-
cal (tumor) diagnosis. A variety of chromosomal abnormalities, such as par-
tial or total chromosomal gains, losses, inversions, or translocations, which are
considered to cause genetic syndromes, can relatively easily be detected on a
cell-by-cell basis. Individual cells either in suspension (e.g., in the form of a
cytological specimen derived from body fluids) or within a tissue (e.g., a solid
tumor specimen or biopsy) can be quantitatively evaluated with respect to the
chromosomal hybridization markers of interest (e.g., a gene or centromeric re-
gion) and with due consideration of cellular heterogeneity. FISH is helpful or
even essential for the (sub-)classification, stratification, and unambiguous di-
agnosis of a number of malignant diseases and contributes to treatment deci-
sion in many cases. Here, the diagnostic power and limitations of typical FISH
and mFISH approaches (except chromosome painting and RNA hybridiza-
tion) are discussed, with special emphasis on tumor and single-cell diagnos-
tics. Well-established and novel FISH protocols, the latter addressed to accel-
erate and flexibilize the preparation and hybridization of formalin-fixed and
paraffin-embedded tissues, are provided. Moreover, guidelines and molecular
aspects important for data interpretation are discussed. Finally, sophisticated
multiplexed approaches and those that analyze very rare single-cell events,
which are not yet implemented in diagnostic procedures, will be touched upon.
© 2023 The Authors. Current Protocols published by Wiley Periodicals LLC.

Basic Protocol 1: (m)FISH applied to formaldehyde-fixed paraffin-embedded
tissues
Basic Protocol 2: (m)FISH applied to cytological specimens
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INTRODUCTION

General Considerations for “Cytogenetics” and “mFISH”

The term “cytogenetics” (in the narrower sense) refers to the analysis of chromosomes
and related abnormalities that are known to cause genetic syndromes. Cytogenetic anal-
ysis is very crucial in the diagnosis of prenatal chromosomal aberrations, infectious dis-
eases, and oncologic and hematologic disorders. Methodologically, cytogenetics com-
prises a number of techniques with different validity, among which are (array-based)
comparative genomic hybridization (a/CGH) (see Current Protocols article: Bayani &
Squire, 2005), “G-banding,” and chromogenic in situ hybridization (ISH) (see Current
Protocols article: Bayani & Squire, 2004b) or fluorescence ISH (FISH) (see Current Pro-
tocols article: Bayani & Squire, 2004a; Lee et al., 2001).

The term “mFISH,” or multi-color (or multi-marker) FISH, is frequently used to refer
to so-called “chromosome painting,” which sometimes is alternatively named spectral
karyotyping (SKY) or COmbined Binary RAtio labeling-FISH (COBRA-FISH (Liehr
et al., 2006; Liehr et al., 2017). By the “painting procedure,” the whole chromosome (or
larger segments of it) becomes hybridized, which results in DNA-specific chromosomal
color banding to evaluate the number, extent, and location of chromosomal subregions
(Langer et al., 2004). The approach even allows “painting” each of the 24 different human
chromosomes with different colors (i.e., fluorochromes) at the same time (Azofeifa et al.,
2000), but in clinico-pathological diagnostics, it plays just a minor role, if any. This sort
of mFISH is discussed elsewhere and is not within the scope of this article.

Instead, this article refers to mFISH in the sense of the simultaneous use of multiple
hybridization probes that are suitable to quantify region-specific copy numbers and to
identify intra- and inter-chromosomal locations of specific but small (a couple of hundred
kilobases) chromosomal regions. In this sense, the cytogenetic procedure refers to the
detection and visualization of known and precisely defined chromosomal regions by the
sequence-complementary annealing of fluorochrome-labeled nucleic acid probes. The
hybridization is applied to permeabilized but morphologically preserved cells or partially
digested tissues without extensive cell disruption. Thus, the detection of chromosomal
regions of interest occurs in native cellular and/or tissue locations, i.e., in situ. Diagnostic
FISH is inherently a quantitative approach inasmuch as DNA hybridization spots are
countable and their relative position (to each other) is assessable and recordable. In this
way, FISH enables the uncovering of genetic alterations at the chromosomal level in
preserved and immobilized single cells or tissue specimens.

A prenatal cytogenetic (F)ISH diagnosis is typically performed based on chorionic villus
sampling or amniocentesis during pregnancy (Pergament et al., 2000; Tepperberg et al.,
2001). This approach aims to determine if a fetus is at risk for, e.g., common aneuploi-
dies/polysomies (syndromes caused by having extra or missing chromosomes) or syn-
dromes caused by structural abnormalities (like unbalanced translocations or inversions)
or to determine if there is extra or missing genetic material (i.e., total or partial gains
or losses of chromosomes). Clinically, chromosome abnormalities account for a large
proportion of cases involving individuals referred with congenital malformations, devel-
opmental delay, intellectual disability, or infertility; women with gonadal dysgenesis or
spontaneous abortions; and couples with repeated spontaneous miscarriages.

This article, however, focuses on ISH and (m)FISH applications in oncology. Similar to
prenatal analyses in tumor diagnostics, (F)ISH tracks down to chromosomal aberrations
and abnormalities and thereby complements pathological diagnosis, supports classifica-
tion and stratification of malignant diseases, and provides prognostic (and sometimes
predictive) information. Today, the complete diagnosis and treatment of several solid
cancers (e.g., breast, lung, bladder, and gastric cancer) and a number of malignanciesBrockhoff
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with mesenchymal origin (e.g., leukemias and lymphomas, rhabdomyosarcoma, Ewing
sarcoma, liposarcoma, synovial sarcoma) heavily depend on cytogenetic analysis of spe-
cific chromosomal aberrations that are consistently observed in malignant cells of these
diseases. Hence, region-specific marker hybridizations are often helpful or even essen-
tial in planning individual treatment regimens and in monitoring the status of a malignant
disease (Bjerregaard et al., 2018; Zhang et al., 2014; Zhou et al., 2016).

FISH can be applied to metaphase-spread chromosome preparations and to interphase
cell nuclei. The latter approach is commonly applied to fresh (i.e., non-fixed) tissues, to
cytology preparations, or to paraffin-embedded specimens. Which approach is preferably
applied depends on the type of study requested. The significant advantage of FISH (i.e.,
the use of fluorophore-labeled probes) over ISH (i.e., the use of chromogenic labeled
probes) is the ability to apply and visualize more than two probes simultaneously, which
results in a multi-color (i.e., multi-marker) hybridization (mFISH). In this way, multiple
regions located on the same chromosomes or on different chromosomes can be addressed
and analyzed at the same time (Denzinger et al., 2007; Miyake et al., 2023; Pothos et al.,
2008; Schwarz et al., 2004; Schwarz et al., 2008). Additionally, individual markers can be
visualized and assessed separately or simultaneously by using microscopic single-color
or dual- or even three-color filters. The use of multiple probes enhances the diagnostic
power in many cases and enables one to address diagnostic questions that could often not
be answered by using only one or two marker probes.

With respect to cancer treatment, FISH not only identifies genetic or chromosomal
anomalies that drive carcinogenesis and tumor progression but also identifies those abnor-
malities that result in the (over-)production of (potential) therapeutic targets. Examples
are (i) the gene fusion product BCR/ABL1 (i.e., the Philadelphia chromosome), which
is generated by a t(9;22)(q34.1;q11.2) translocation and frequently found in chronic
myeloid leukemias (Shao et al., 2015; Virgili & Nacheva, 2010), and (ii) the HER2/ErbB2
receptor tyrosine kinase gene, which is amplified in ∼20% of all breast (Slamon et al.,
2001) and gastric (He et al., 2013) cancers. Thus, patients who are eligible for target-
specific treatments can be identified by cytogenetic analyses.

Principles of Hybridization Probes and Procedure

A huge number of hybridization probes used in research and diagnostics are commer-
cially available. Most of them target either repetitive sequences (which are found, for in-
stance, in the centromere (cen) and satellite regions of a chromosome) or highly specific
(gene) regions that are unique within the genome. Basic steps of (F)ISH include thermic
DNA denaturation in situ (i.e., at the original nuclear location without prior extraction of
nucleic acid), which is typically (but not necessarily; see below) performed on a slide. As
a result, the DNA becomes single stranded. Afterward, sequence-specific DNA probes are
added to the specimen and hybridized to the target sequences under stringent conditions
(i.e., annealing of probes under renaturating conditions). This means that the hybridiza-
tion conditions are adjusted in such a way that, instead of the original complementary
DNA strands, the probes preferentially bind to the target region. This includes, for ex-
ample, the probe concentration (excess) and the temperature. As a result, fluorescent
hybridization spots are generated at specific chromosomal loci. For the later visualiza-
tion of sequence-specific hybridizations, the DNA probes are labeled with a chromogen
or a fluorochrome. After the hybridization procedure is complete, FISH specimens can
be conserved by slide sealing, and finally, the fluorescent hybridization spots can be mi-
croscopically visualized. Hybridization results can be manually or semi-automatcially
(see below) analyzed. The object of the final analysis is basically the quantification and
(dependent on the diagnostic question and probe design) the location of hybridization
signals (i.e., colored fluorescent spots) on a cell-by-cell basis (more specifically, nucleus
by nucleus). Brockhoff
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Cytogenetic Evaluation of Single Cells by Metaphase mFISH

Metaphase FISH studies are designed to detect changes (i.e., microdeletions and/or mi-
croduplications) associated with specific phenotypic findings and require specific and
focused clinical questions to be addressed via appropriate DNA probe selection. Such
an approach provides an overview of the entirety of the chromosomal aberrations in a
single tumor cell. However, metaphase FISH testing is limited to those DNA probes that
are currently available and validated for clinical use. Genetic changes that are detected in
metaphase chromosome preparations are limited to position and copy number changes,
primarily losses (deletions) and, in some instances, gains (duplications) of specific chro-
mosomal regions. Nevertheless, the repositioning of DNA probes from their normal sites
can be determined in metaphase cell preparations (i.e., translocations, insertions) (Ohno
et al., 2022). However, these types of studies do not rule out other forms of genetic abnor-
malities, which may include low-level or tissue-specific mosaicisms and/or other forms
of molecular alterations (i.e., single-base pair mutations or uniparental disomies, among
others).

Methodically, the pretreatment of specimens with colchicine or colcemid results in the
destruction of the mitotic spindle apparatus and thereby causes the accumulation of di-
viding (mitotic) cells in metaphase of the cell cycle. Hypotonic solutions cause swelling
of the cell membrane and the dispersion of chromosomes so that the enumeration and
further analysis of the chromosome structure in individual (human) cells become possi-
ble. The procedure of metaphase FISH has been described in detail elsewhere (MacLeod
et al., 2017).

Cytogenetic Evaluation of Single Cells by Interphase mFISH

Interphase FISH is done without prior cell cycle synchronization. It provides information
regarding the number and/or rearrangement of specific chromosomal DNA regions. Even
though other structural inferences are not possible, interphase FISH is being frequently
used in clinico-pathological diagnostics. (m)FISH testing based on interphase specimens
is typically applied to identify the presence, absence, relative positioning, and/or fre-
quency (i.e., copy number) of specific DNA segments by (fluorescence) microscopy. It
plays a major role in pathological tumor diagnostics.

The quantification of hybridized marker probes is commonly done by microscopic visu-
alization of hybridization spots and manual counting of those spots on a single-cell level.
Alternatively, the identification of cells (within a tissue) and the FISH signal counting
can be performed (semi-)automatically using sophisticated software and imaging sys-
tems (Knudson et al., 2007; Martinez et al., 2013; Narath et al., 2004; Nishimura et al.,
2016; Smith et al., 2010; Zwaenepoel et al., 2015). Automated cell imaging and analyses
have been successfully applied using systems developed and distributed, for example,
by BioView (www.bioview.com) or Metasystems (www.metasystems-international.com).
Appropriate software enables automated identification of single cell nuclei and hybridiza-
tion spots therein. However, a manual inspection of software-generated results is advis-
able and often even necessary, which can be done by inspection of the specimens itself
or of the related image galleries.

Applying interphase FISH to tissue specimens enables the evaluation of single cells
within the context of the tissue architecture. Thus, individual tumor cells can be cyto-
genetically assessed with due consideration of well-established pathological parameters,
e.g., grade of tissue differentiation, scirrhous tumor growth, cell morphology, and tumor
heterogeneity (Daniely et al., 2007). Often 20 or more cells (up to 50) are evaluated indi-
vidually within a tissue. In cases where more than one marker probe is applied simultane-
ously, the counting of all marker spots takes place nucleus by nucleus rather than marker
by marker. This counting procedure ensures capture of not only average hybridizationBrockhoff

4 of 25

Current Protocols

 26911299, 2023, 11, D
ow

nloaded from
 https://currentprotocols.onlinelibrary.w

iley.com
/doi/10.1002/cpz1.942 by U

niversitaet R
egensburg, W

iley O
nline L

ibrary on [27/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.bioview.com
http://www.metasystems-international.com


values for individual markers for a given number of cells (or rather, cell nuclei) but also
particularly the marker values for individually evaluated cells. As a result, not only the
average cytogenetic status of a tissue but also the status of individual cells is assessed. If
two or more marker regions, for example, cen- and gene-specific regions, are hybridized
at the same time, it is advisable to independently quantify their individual frequencies and
to interrelate their frequencies by calculating marker ratios (see the following section for
more details).

HER2 Single-Marker and HER2/cen17 Dual-Marker FISH in Breast Cancer (in
Combination with HER2 Immunofluorescence)

One of the most prominent examples of region-specific, dual-marker (cen and gene re-
gions) FISH is probably the HER2/cen17 hybridization approach, which plays a pivotal
role in the diagnosis of breast (and gastric) cancer. The clinical importance of HER2 gene
amplification and corresponding receptor overexpression has been known since the mid-
1980s (Slamon et al., 1987). About 20% of all breast cancers are considered diagnosti-
cally HER2 positive (Slamon et al., 2001). The prognosis for HER2-positive breast cancer
patients is rather poor; however, a specific therapeutic targeting HER2 (e.g., trastuzumab)
significantly improves the outcome and elevates the prognosis for HER2-positive breast
cancer patients up to the level of that of HER2-negative breast cancer patients without
such a treatment (Dawood et al., 2010). Thus, HER2 testing has great clinical impact and
has become mandatory for the diagnosis of invasively growing breast cancer.

It has been repeatedly reported that HER2 protein overexpression is predominantly, if not
exclusively, caused by an increased HER2 gene copy number (McCormick et al., 2002;
Li-Ning-T et al., 2005; Lottner et al., 2005). For this reason, the concordance between
HER2 gene copy number (assessed, for example, by PCR or FISH) and HER2 protein
overexpression (immunohistochemically scored as 3+) is very high (Bilous et al., 2006;
Koudelakova et al., 2015; Li-Ning-T et al., 2005; Lottner et al., 2005; Sassen et al., 2008).
Guidelines for FISH processing, testing, and data interpretation were released by the
American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP)
years ago (Wolff et al., 2007) and have been updated since, e.g., in 2013 and 2018 (Wolff
et al., 2013; Wolff et al., 2018). However, multiannual experience with HER2 testing
in breast cancer made it apparent that the immunohistochemical approach is subject to
certain variabilities for intra- and inter-laboratory technical reasons and, to some extent,
due to variation in observer-dependent data interpretation (Green & Zynger, 2015). In
contrast, the preparation of FISH specimens turned out to be more robust, and the spot
counting of FISH specimens occurred more objectively because it is basically a user-
independent and particularly quantitative approach. Consequently, the FISH approach
evolved as a diagnostic “gold standard” for HER2 testing.

Due to enhanced diagnostic power, dual-marker (cen and gene locus) FISH is certainly
more frequently applied than the hybridization of a HER2 probe only. The single cell–
based evaluation allows the absolute quantification of cen and gene copy numbers of
individual cells, enables the calculation of average values for individual specimens, and
facilitates the calculation of marker ratios (the number of HER2 signals divided by the
number of cen hybridization spots). All these data have different but complementary
diagnostic value, according to the following interpretation (Wolff et al., 2013; Wolff et al.,
2018).

Cen probes target chromosome-specific repetitive sequences. Because the non-coding
centromeric region of a chromosome is assumed to appear solely (i.e., independently
from other chromosome regions) not altered (i.e., deleted or amplified), the cen copy
number is supposed to reflect the number of the respective chromosome. On this un-
derstanding, the hybridization of the cen region allows the differentiation of disomy, Brockhoff
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polysomy, and monosomy. Even a total loss of both copies of a particular chromosome
is possible.

Unlike hybridization of a cen region, the sequence-specific hybridization of a gene re-
gion is considered to truly reflect the gene frequency within a given cell nucleus. Because
the “normal” (i.e., unaltered) human somatic cells are generally disomic (i.e., all chromo-
somes are present twice in a nucleus), fewer than two hybridization signals are interpreted
as a gene loss (i.e., deletion), whereas more than two signals are considered to reflect a
gene copy gain. A gain might be due to either a real gene amplification or polysomy of
the respective chromosome (which also results in an increased gene dose) or a combina-
tion of both. Example images of different HER2/cen17 hybridization results are shown
in Figure 1.

In contrast to two-marker HER2/cen17 FISH diagnostics, probing the HER2 gene region
alone is of course also possible but is less informative because it does not provide any
clue about the origination of the visualized increased HER2 gene dose. More specifi-
cally, a real HER2 gene amplification or the presence of (putative) polysomy 17 cannot
be differentiated. This distinction is, however, relevant, because breast cancers with an
enhanced HER2 gene dose, which is due to either real gene amplification or a multiplied
chromosome 17, are considered to represent different prognostic entities that might be
reasonably differently treated (Perez et al., 2010; Hanna et al., 2014).

It must be mentioned, however, that the cen region of a chromosome does not necessarily
work as an integer surrogate for the chromosome number, especially with respect to
chromosome 17. Instead, an increased cen17 copy number has been demonstrated to
occur not rarely in the absence of true polysomy as a result of multiplication within
an amplicon (Marchiò et al., 2009; Koudelakova et al., 2016; Donaldson et al., 2017;
Holzschuh et al., 2017), which comprises several chromosomal (coding and not-coding)
regions in close proximity. The differentiation of an amplified cen region versus true
polysomy would, however, require additional genomic analysis, for example, with
array-based comparative genomic hybridization (Holzschuh et al., 2017), multiplex
ligation-dependent probe amplification (Pazhoomand et al., 2013), or quantitative real-
time PCR (Koudelakova et al., 2015). Nonetheless, the clinical relevance of mixed
genotypes (true and putative polysomy) within single cells or individual tumor tissues
has not been definitively clarified.

As mentioned above, a big advantage of subjecting tissues to interphase FISH is the
feasibility of assessing a number of single cells in the context of a variety of diagnos-
tically relevant parameters (e.g., cellular heterogeneity, cell morphology, growth char-
acteristics of different tissue areas). Thus, extending the number of parameters assessed
in single cells within a tissue enhances the analytical power. Accordingly, a diagnos-
tic four-color approach that combines two-marker hybridization with fluorescence-based
immunohistochemistry (FIHC) on formaldehyde-fixed paraffin-embedded (FFPE) breast
cancer specimens was established some time ago (Lottner et al., 2005). The multiplex
single-step analysis enables quantification of the HER2 gene copy number, assessment
of (putative) polysomy 17, and semi-quantitative scoring of the HER2 protein expres-
sion of single cells. The approach has been validated on 215 primary breast carcinomas,
showing an excellent overall correlation between an FIHC score and the correspond-
ing HER2 gene copy number. The potential advantage is that FISH and FIHC can be
applied simultaneously (instead of sequentially) to identical tissue specimens so that po-
tential discrepancies between gene dose and protein expression can be uncovered. Over-
all, the combined FIHC/FISH application demonstrates the power of fluorescence-based
(semi-)quantification of multiple cellular parameters, which can be adapted to the analy-
sis of other genomic and protein markers. Examples of multiprobe/multiplex FISH anal-
yses are given in Figure 2.Brockhoff
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Figure 1 cen17 and HER2 FISH of four different breast cancer specimens using the
CEN17/SPEC ERBB2 dual-color hybridization probe (ZytoVision). The orange/red hybridization
spots indicate the HER2 gene region located close to the cen11 region at 17q. The green-labeled
probes hybridize to repetitive alpha satellite regions representative of cen17. (A) Sample showing
cell nuclei with typically two red and two green hybridization signals. On average, there is neither a
gain nor a loss of the HER2 and cen17 region, which indicates a disomic state of chromosome 17
(i.e., two chromosome 17s per nucleus). (B) In contrast, this sample exemplifies a strong gain of
the HER2 region (more than two green spots per nucleus) without an increased number of cen17
hybridization signals (on average, two red signals per nucleus). This finding results in an increased
HER2/cen17 ratio (>2) and is commonly interpreted as HER2 gene amplification. (C) This sam-
ple shows even more green hybridization signals than in (B) and typical clustering. Green signals
can hardly be counted individually, and their frequency is assumed to exceed 10 per nucleus (i.e.,
strong HER2 gene amplification). (D) In this sample, the number of both the green HER2 gene and
the red cen17 hybridization spots is increased (4 or more signals per nucleus each). However, the
HER2/cen17 signal ratio is not significantly elevated (not >1), and the gain of cen17 is commonly
assumed to indicate polysomy 17.

Brockhoff
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Figure 2 Three examples of multi-marker FISH and FISH combined with immunofluorescence.
(A) Example of four-marker/four-color FISH applied to urothelial cells using a UroVysion hybridiza-
tion kit (Abbott). The UroVysion four-marker kit is designed to assess aberrations of chromosomes
3 (red signals), 7 (green signals), and 17 (blue signals) by the respective alpha satellite cen-
tromeric probes and to detect potential deletions of the p16 region (yellow signals), which is lo-
cated at 9p21. The magnification illustrates cell nuclei without alterations of these markers (on
average, two signals per nucleus). (B and C) Simultaneous application of HER2/cen17 FISH and
FIHC against the cell surface–located HER2 protein expressed in primary breast carcinoma tis-
sues. FISH was performed with the dual-marker PathVysion hybridization probes (Abbott) using
SpectrumOrange-labeled HER2 gene region probe (yellow fluorescence) and SpectrumGreen-
labeled chromosome 17 cen probe (green fluorescence). For FIHC, a primary anti-HER2 antibody
(HercepTest A0485, DakoCytomation) and a secondary biotinylated antibody from the ChemMate
kit (DakoCytomation) were used. Final visualization was done by incubating the slides either with
fluorescein isothiocyanate-labeled (B) or with Texas Red–labeled (C) streptavidin (ZytoMed). More
information about the value of combined FISH and FIHC can be found in prior work (Lottner et al.,
2005).Brockhoff
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Detection of Chromosomal Rearrangements by FISH

Beyond marker enumeration, interphase FISH is diagnostically applied to identify chro-
mosomal marker rearrangements (i.e., translocations). Numerous solid cancers, sarco-
mas, and leukemic diseases contain malignant cells in which total or partial gene regions
underwent intra- or inter-chromosomal translocation. A mutual translocation can cause
either an enhanced or a silenced control of gene transcription or can result in the synthesis
of functional proteins with new properties that drive malignant cell growth. This sort of
chromosomal rearrangement is known, for example, in lung cancer (region 2p23.1-p23.2
harboring the ALK gene), in alveolar rhabdomyosarcomas (region 13q14.11 harboring
the FOXO1 forkhead box O1 gene), and in chronic myeloid leukemia (regions 9q34.12
and 22q11.23 harboring the ABL1 and the BCR gene regions). The BCR/ABL1 fusion
product, which has been named the “Philadelphia chromosome,” results in the genera-
tion of a chimeric enzyme with enhanced tyrosine kinase activity that in turn stimulates
mitogenic downstream signaling. Note that the list of malignant diseases with poten-
tial chromosomal rearrangements in the form of translocations significantly exceeds the
number of selectively given examples here and comprises a huge variety of entities.

Chromosomal translocations can be detected in a somewhat sophisticated way using so-
called “fusion” or “break-apart” probes. The idea is to hybridize two specific chromo-
somal loci that are known to participate in rearrangements and relocation far from each
other. If the translocation generates a larger distance between the two regions, they “break
apart.” Conversely, a fusion probe indicates a translocation that results in two closely lo-
cated regions. Example images are given in Figure 3.

A recent advancement of “conventional” break-apart and fusion probes, with which the
translocation of two definite chromosomal loci can be detected, is the development of
tricolor probes that allow determination of whether or not certain markers are involved
in an observed chromosomal rearrangement. For example, rearrangements that involve
either the B-cell lymphoma gene locus 2 or 6 (i.e., bcl2 or bcl6), which are frequently
found in various non-Hodgkin lymphomas, can be detected and distinguished by a three-
color/five-marker hybridization procedure. Bcl2 encodes a mitochondrial membrane pro-
tein that regulates apoptosis and is expressed in B cells. Bcl6 encodes a protein that acts as
a transcriptional repressor involved in the regulation of lymphoid development and func-
tion. As illustrated in Figure 4A, the so-called bcl2/bcl6 “DistinguISHTM Probe” is a mix-
ture of five direct-labeled probes hybridizing to the 18q21.33-q22.1 and 3q27.3-q28 loci.
The green fluorescent probes hybridize proximally to the bcl2 and bcl6 breakpoint re-
gions, whereas the orange fluorescent probes hybridize distally to the bcl2 and bcl6 break-
point loci. However, the blue fluorescent probe hybridizes both distally and proximally to
the bcl6 breakpoint region. In an interphase nucleus without bcl2 or bcl6 rearrangements,
two bcl2-specific green/orange fusion signals and two bcl6-specific green/orange/blue
fusion signals can be found (Fig. 4B). A bcl2 rearrangement is indicated by one sepa-
rate green and one separate orange signal, both not co-localizing with blue signals (Fig.
4C). In contrast, a bcl6 rearrangement is indicated by one separate green and one sepa-
rate orange signal, both co-localizing with blue signals (Fig. 4D). The differentiation of
locus-specific rearrangement in non-Hodgkin lymphomas (and other malignancies) has
prognostic and therapeutic relevance (Salam et al., 2020; Nakamura et al., 2022).

Another example of advanced ISH that addresses multiple chromosomal regions is the
differentiation of ALK inversions and translocations on chromosome 2 in lung cancer,
which occur either with or without the involvement of the EML locus. Moreover, an
ALK-EML translocation can be discriminated from those that involve the TFG or KIF5B
locus, which might have a prognostic and even predictive impact. Another example is the
gene fusion of the PDGGRA1 region on chromosome 4. PDGGRA1 fusion might involve
a variety of partner regions/genes, among them FIP1L1, BCR, ETV6, KIF5B, STRN, and Brockhoff
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Figure 3 Detection of chromosomal rearrangements by break-apart and fusion FISH. (A) Chro-
mosomal translocation that involves 22.q12.2 (i.e., the Ewing sarcoma breakpoint region 1,
EWSR1). The dual-color probe used (ZytoVision) covers the chromosomal region 22.q12.1 to
22.q12.2. Chromosomes 22 without rearrangement (i.e., translocation) show green and red hy-
bridization spots, which are located very close together and microscopically appear yellow or as
“traffic light signals” (green-yellow-red, indicated by white arrows). By chromosomal translocation,
however, green and red hybridization spots get separated and independently appear as single
red and single green dots. (B) The other way chromosomal translocations can be visualized by
fusion probes. Closely located red/green hybridization spots indicate a translocation. (C and D)
FISH examples without (C) and with (D) an EML ALK rearrangement identified by using a dual-
color break-apart probe (ZytoVision). The probe is designed to detect a translocation that involves
the chromosomal region 2p23.1-p23.2 harboring the ALK (anaplastic lymphoma receptor tyro-
sine kinase, a.k.a. CD246) gene. ALK encodes a transmembrane receptor tyrosine kinase. This
gene exerts characteristic oncogenic activities through fusion to several gene partners or muta-
tions both in hematopoietic and in non-hematopoietic solid tumors. The diagnosis of an EML ALK
rearrangement has clinical implications because an ALK-targeted therapy might be a very efficient

(legend continues on next page)Brockhoff
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therapeutic strategy for non-small-cell lung cancer patients. (C) Interphase nuclei lacking a translo-
cation involving the 2p23.1-p23.2 locus. Thus, two orange/green fusion signals represent two nor-
mal (i.e., non-rearranged) 2p23.1-p23.2 loci. (D) In contrast, the signal pattern shown here consists
of one orange/green fusion signal, one orange signal, and a separate green signal and therefore
indicates one normal 2p23.1-p23.2 locus and one 2p23.1-p23.2 locus affected by a translocation
or inversion. Images are kindly courtesy of ZytoVision.

Figure 4 Three-color, five-marker hybridization probe design. (A) The bcl2 green- and orange-
labeled two-color probe hybridizes distally and proximally to the 8q21.33-q22.1 region, whereas
the three-color probe identifies regions next to the bcl6 region at 3q27.3-q28. Green fluorochrome–
labeled probe hybridizes proximally to the bcl2 and bcl6 breakpoint regions, and the orange
fluorochrome–labeled probes recognize a region located distally to the bcl2 and bcl6 breakpoints.
The probe direct-labeled with blue fluorochrome hybridizes distally and proximally to the bcl6
breakpoint region. (B) In a cell nucleus without bcl2 or bcl6 rearrangement, two bcl2-specific
green/orange fusion signals and two bcl6-specific green/orange/blue fusion signals can be visual-
ized. (C) A bcl2 rearrangement is indicated by one separate green signal and one separate orange
signal. Note that the separated green and orange signals do both not colocalize with blue signals.
(D) In contrast to a bcl2 rearrangement, a bcl6 rearrangement is indicated by one separated green
signal and one separated orange signal, with both colocalizing with blue signals. All images are
kindly courtesy of ZytoVision.

CDK5RAP2, that can be diagnostically differentiated. The concept of differentiated loci
analysis upon rearrangement is illustrated in Figure 5.

Examples of Advanced (But Diagnostically Not Yet Implemented) Interphase
mFISH Applied to Tumor Tissues and Isolated Single Cells

Multi-marker mFISH on rare circulating and disseminated tumor cells

Interphase mFISH is not only being successfully applied to single cells within a tissue;
indeed, it has been demonstrated to be helpful in the characterization of rare cells upon Brockhoff
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Figure 5 Novel complex three-color FISH probes enable differentiation between chromosomal
inversions and translocations. An inversion and a translocation that involve the ALK and EML4
gene region on chromosome 2 are given as an example. The SPEC ALK/EML4 TriCheckTM probe
(ZytoVision) is a mixture of three-color labeled probes hybridizing to the short arm of chromosome
2. (A) The red fluorochrome–labeled probe hybridizes distally to the ALK gene breakpoint region
at 2p23.2, whereas the green fluorochrome–labeled targets proximally to the ALK gene breakpoint
region at 2p23.1-p23.2. The blue fluorochrome–labeled probe hybridizes to the EML4 gene region
at 2p21. In an interphase nucleus without rearrangement of the EML4-ALK locus, two red/green fu-
sion signals, and two blue signals can be seen. (B) Compared to the situation without chromosomal
rearrangements, an EML4-ALK inversion is indicated by one separate green signal, one separate
red signal, and an additional blue signal. (C) An example of an ALK translocation, indicated by
separated red and green signals without an additional blue signal, is given.

Brockhoff
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isolation from the peripheral blood, an application that is very helpful for the understand-
ing of the process of tumor cell dissemination and metastasis.

Cells that are able to detach from a primary tumor can enter the body periphery as so-
called circulating tumor cells (CTCs). Those cells are considered to have (or to develop)
the ability to further disseminate into the bone marrow niche, from where they sooner
or later form secondary local or distal metastases. Thus, CTCs are gaining the status of
a surrogate marker for systemic disease. Recent technological advancements in rare-cell
analysis have facilitated the detection of CTCs in the peripheral blood of cancer patients.
Numerous clinical studies involving the enumeration of CTCs in cancer patients have
unequivocally demonstrated the prognostic value of these cells. However, the outcome of
disease is not only determined by the frequency of CTCs but also predominantly by their
(inherent or obtained) stemness and resistance to tumor treatment. Hence, the molecular
characterization of these very rare cells is of particular interest.

The feasibility of single-cell mFISH applied to CTCs has been demonstrated by
Swenninhuis et al. (2009). Upon EpCAM expression–based CTC enrichment using
the CellTracks AutoPrep System (Veridex) CTCs were isolated and transferred into a
special cartridge, namely a MagNestTM cell presentation device (Veridex). Validated
four marker–based identification, fixation, and immobilization of CTCs on the cartridge
glass enabled the subsequent application of chromosome-specific (i.e., cen-specific) and
fluorescence-labeled hybridization probes. The proof-of-principle study by Swennen-
huis et al. revealed a high degree of aneuploidy in CTCs in hormone-refractory prostate
cancer patients. More specifically, an enormous heterogeneity with respect to polysomy
1, 7, 8, and 17, both between CTCs derived from one sample and between CTCs derived
from different patients, has been observed.

Ignatiadis et al. (2011) used a similar approach to assess the HER2 status of different
breast cancer cells with which peripheral blood was spiked. They successfully identified
and selected the spiked cells using the CellSearch System (Veridex) and then subjected
the tumor cells to HER2 scoring by immunochemistry and FISH. Krishnamurthy et al.
(2013) and later Frithiof et al. (2016) extended this proof-of-principle study and demon-
strated a profound discordance of HER2 gene amplification in CTCs and disseminated
tumor cells (DTCs) compared to primary (breast) tumor cells (PTCs). Using a microflu-
idic platform for the isolation and enrichment of CTCs and DTCs and based on a simul-
taneous evaluation of cytokeratin-positive, CD45-negative, and DNA-containing events,
a scoring of cen17 and HER2 copy numbers was performed, with 15% discordance be-
tween CTCs and PTCs and 28% discordance between DTCs and PTCs. Overall, the study
revealed different degrees of genetic instability in PTCs, CTCs, and DTCs derived from
individual patients. Equally important, HER2-positive CTCs and DTCs were found in
patients with early-stage disease, which suggests that clonal selection or acquisition due
to genetic instability can be encountered very early in the course of the disease. Not long
ago, Hoffmann et al. (2018) demonstrated that, first, DTCs of patients with esophageal
cancer show heterogeneity and, second, only those DTCs with specific chromosomal al-
terations (i.e., HER2 gene amplifications) determine the patient’s survival. These findings
exemplify that (m)FISH applied to rare single cells can contribute to extending under-
standing of tumor progression and can even reveal prognostic and predictive information.

Flow-FISH

The application of FISH is not restricted to embedded tissues or immobilized cells.
Specific DNA sequences can also be hybridized in single cells in suspension (FISH-
IS). By using fluorochrome-labeled probes, the target cells can be quantitatively ana-
lyzed by flow cytometry, which represents a technique that is suited for the quantitative

Brockhoff
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assessment of high numbers of single cells (in suspension) within a relatively short period
of time (thousands of cells per second).

A combined Flow-FISH approach has been successfully applied for the analysis and
quantification of the lengths and heterogeneity of chromosomal ends in single cells. The
distal chromosomal regions, called telomeres, are known to play a fundamental role in
cellular senescence and carcinogenesis. On the one hand, a gradual loss of telomeric
DNA sequences, which results in a loss of essential (coding and non-coding) chromo-
somal regions, contributes to cellular aging and finally cell death. Thus, short telomeres
represent a risk factor in age-related diseases. On the other hand, anomalous maintenance
of telomeres in somatic cells contributes to neoplastic transformation. Hence, a relative
or even absolute assessment of telomere lengths in single cells might deliver additional
diagnostic information.

A comprehensive protocol dedicated to the measurement of the average length of telom-
eres by Flow-FISH has been published by Baerlocher et al. (2006). The protocol is based
on the use of labeled peptide nucleic acid (PNA) as a telomere-specific probe in com-
bination with a nonspecific DNA-intercalating dye (e.g., LDS-751). Under low-ionic
conditions, PNA (but not single-stranded DNA) can anneal to complementary telomeric
single-stranded DNA sequences, whereby the telomere lengths can be measured.

Moreover, a procedure for FISH-IS that enables the enumeration of chromosomes in
single cells has been described previously (Maguire et al., 2016). Another application of
Flow-FISH has been reported by Maiti (2016), who presented a protocol that facilitates
the evaluation of the effect of expansion conditions on natural killer (NK) cells in vitro.
Because telomere length is known to decrease in adult human NK cells and is associated
with proliferation-induced senescence, Flow-FISH-based assessment of telomeres might
help to determine the most efficient culture conditions. Additionally, Flow-FISH has been
successfully applied for the analysis of viral infection of eukaryotic cells (Manaresi et al.,
2015). Finally, this approach has even been reported as an applicable method for the
diagnosis of BCR-ABL1 transcripts in leukemic cells (Ranjbaran et al., 2016). It has
been impressively demonstrated that Flow-FISH takes advantage of the high specificity
of FISH and high sensitivity of flow cytometry.

Last, but not least, it is worth noting a rather sophisticated approach that takes advantage
of the combination of FISH-IS, flow cytometry, and imaging of single cells. Using the
imaging flow system ImageStream® (Amnis) enables the assessment of thousands of
cells in suspension within a short amount of time and their simultaneous visualization.
The technique has been applied to FISH-IS-prepared cells on which automated counting
and localization of FISH spots has been performed. The application includes the detection
of polysomy/aneuploidy, gene amplification and translocation, and, remarkably, rare cells
associated with residual disease. Overall, the high throughput of cells analyzed by FISH-
IS improves the detection of rare events compared to conventional (slide-based) FISH
(Minderman et al., 2012; Maguire et al., 2016).

Non-fluorescent ISH

The power of FISH is the possibility of multi-marker analysis. However, FISH requires
a fluorescence microscope for signal visualization. Alternatively ISH, that refers to chro-
mogenic in-situ hybridization can be applied. In contrast to FISH probes, ISH probes are
not labeled with chromophores that appear in specific color. A number of product kits are
commercially available designed for the detection of aneuploidies, gene copy numbers
(gains and losses), and translocations using brightfield microscopy. Like fluorochrome
labeled hybridization probes the chromogenic probes can be applied to FFPE tissues, cy-
tological smears, and metaphase chromosome spreads. Evaluating ISH specimens makesBrockhoff
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it easier to correlate the hybridization result with the cell morphology and tissue archi-
tecture. Cytogenetic dual marker HER2/cen17 testing using fluorescent in comparison
with chromogenic hybridization probes has been repeatedly evaluated and a great con-
cordance has been mostly reported (Hauser-Kronberger, & Dandachi, 2004; Li-Ning-T
et al., 2005; Loring et al., 2005; Pothos et al., 2008; Kato et al., 2010). However, ISH com-
monly facilitates the hybridization of not more than two markers simultaneously. Visual-
ization requires probe labeling, for example, with digoxigenin which can be detected by
an enzyme (e.g., with horse radish peroxidase) conjugated anti-digoxigenin antibody. Al-
ternatively, and analogously to immunohistochemistry, the binding of a non-conjugated
anti-digoxigenin antibody can be visualized by an enzyme-conjugated second-step anti-
body. Finally, the enzymatic reaction of DAB leads to the formation of strong permanent
brown color that can be inspected by light microscopy. For probing two markers simul-
taneously digoxigenin and dinitrophenyl labeled probe kits are available. The applica-
tion of a peroxidase/phosphatase-linked antibody cocktail for the detection of digoxi-
genin/dinitrophenyl enables two-color (brown, red) staining of probe hybridization. A
typical application of ISH in tissue specimens is for the detection and discrimination of
cellular infections with human pathogen viruses [e.g., human papilloma virus (HPV),
cytomegalovirus (CMV), Epstein-Barr virus (EBV)] or the identification of lymphocyte
clonality. The latter application, however, does not detect specific DNA sequences, but
rather Ig-κ and Ig-λ light-chain RNA.

(m)FISH Protocols

The following protocols are dedicated to (m)FISH, i.e., the use of fluorescence-labeled
hybridization probes, with FFPE tissues (Basic Protocol 1) or cytological specimens (Ba-
sic Protocol 2). Oligomarker ISH using conventional (i.e., non-fluorescent) chromogen-
tagged probes can also be used, although the visualization procedure differs from that
using fluorochrome-labeled probes.

NOTE: All protocols involving animals must be reviewed and approved by the appropri-
ate Animal Care and Use Committee and must follow regulations for the care and use of
laboratory animals. Appropriate informed consent is necessary for obtaining and use of
human study material.

BASIC
PROTOCOL 1

(m)FISH APPLIED TO FORMALDEHYDE-FIXED PARAFFIN-EMBEDDED
TISSUES

m(FISH) Procedure with FFPE Tissues

The FISH procedure basically comprises the following steps: slide preparation, speci-
men pretreatment, probe hybridization, and slide mounting. Afterward, the hybridization
result is microscopically visualized. FFPE tissue sections can be prepared using a micro-
tome. A thickness of ∼4 μm ensures the slicing of as few cell nuclei as possible. (Sliced
nuclei are likely to show a loss of hybridization signals.) Tissue sections are immobilized
preferably on charged glass microscopy slides that facilitate adherence. For pretreatment,
tissue section slides are deparaffinized, rehydrated, and subsequently incubated in pre-
treatment solution (PS), which commonly contains HCl and NaSCN. This preparation is
followed by enzymatic digestion with a pepsin solution. Via this pretreatment, disulfide
bonds become broken, and DNA-bound proteins, i.e., histones, dissociate from the ge-
nomic DNA. Altogether, the preparation makes the DNA accessible to the hybridization
probes and promotes FISH signal evaluation by reducing autofluorescence.

Alternative Protocols, Probes, and Probe Kits Designed to Accelerate the
Preparation of FFPE FISH Specimens

Over the past few years, manufacturers have modified and optimized hybridization probes
and probe kits (including a variety of preparation buffers and solutions) in order to shorten Brockhoff
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the turnaround preparation time for HER2 diagnostics from 1.5 days to ∼0.5 days. Two
prominent, systematically validated, and commercially distributed product lines are the
HER2 IQFISH pharmDx (Dako Agilent Technologies) and the FlexISH (ZytoVision)
probe kits. Both kits enable the user to run the respective hybridization assay signifi-
cantly faster than the traditional FISH assays. Qualitative and quantitative FISH results
derived from “fast” and “traditional” preparations have been shown to excellently con-
cord, which holds true for both the IQFISH (Franchet et al., 2014; Viale et al., 2016) and
the FlexISH (Brockhoff et al., 2016) systems. An additional benefit of the IQFISH hy-
bridization system is that it avoids the use of toxic formamide, which is commonly used
for blocking against repetitive DNA sequences and to prevent nonspecific hybridization.
By comparison, a significant advantage of the FlexISH product is the possibility of vary-
ing or adapting the preparation procedure and turnaround time based on the lab require-
ments. In other words, the FlexISH protocol allows application of both conventional and
expedited preparation procedures, which might contribute to optimizing the flow of the
daily workload in a diagnostic lab.

Materials

100% ethanol (or reagent alcohol)
Deionized or distilled water
Pretreatment solution (PS), containing 0.01 M sodium citrate, pH 6.0 (e.g.,

ZytoVision, cat. no. Z-2182)
Slides (positively charged microscope slides, e.g., Menzel Superfrost, Thermo

Fisher Scientific, cat. no. MZ-00011) with FFPE specimens
Xylene
Pepsin solution: 0.005 M pepsin and 0.01 N HCl (e.g., ZytoVision, cat. no.

ES-0001)
Hybridization probe (multi-color) solution (purchased from supplier of choice)
Washing buffers:

1× wb-1: 4× saline sodium citrate (SSC) and 0.3% (v/v) Igepal
1× wb-2: 2× SSC and 0.1% (v/v) Igepal
1× wb-3: 1× SSC and 0.1% (v/v) Igepal

DAPI-containing mounting solution (e.g., Vectashield Antifade Mounting Medium
with DAPI, Vector Laboratories, cat. no. H-1200-10)

Immersion oil, approved for fluorescence microscopy

Glass cuvettes, heat resistant (e.g., Wheaton)
73°C and 98°C water baths
37°C, 70°C, and 98°C hot plates
Staining jars or baths
Coverslips
Rubber cement (e.g., Fixogum Rubber Cement)
75°C hot plate or hybridizer
37°C hybridizer or humidity chamber (optimally, hybridization oven)
Fluorescence microscope, equipped with appropriate filter sets

NOTE: Running the FISH procedure on a positive/negative specimen in parallel to the
specimens of interest is recommended. For instance, if the analysis addresses the HER2
gene copy number of cells within a not-yet-evaluated tissue, processing a tissue with a
known (e.g., increased) HER2 gene copy number in parallel might be helpful to validate
the preparation. Alternatively, FFPE cell lines with a well-defined cytogenetic score can
be used as control specimens. Normal, i.e., non-malignant, tissues (or cells) are appro-
priate in most cases because they enable generation of hybridization specimens without
any gene copy number alterations or chromosomal rearrangements. Control samples can

Brockhoff
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be used for comparative purposes and help to identify genomic alterations in tissues/cells
of interest.

First day

Solution preparation
1. Using glass cuvettes, prepare two ethanol series (70%, 90%, and 100% ethanol so-

lutions) using 100% ethanol diluted with deionized or distilled water (volume of
≥50 ml).

2. Pre-warm PS (deparaffinization solution) to 98°C in a water bath.

Specimen pretreatment (dewaxing, deparaffinization, and proteolysis)
3. Incubate slides with FFPE specimens for 10 min at 70°C on a hot plate.

4. Incubate in xylene in a staining jar or bath twice for 10 min each.

5. Incubate in 100% (twice), 90% (once), and 70% (once) ethanol (see step 1) for
5 min each.

6. Wash in deionized or distilled water twice for 2 min each.

7. Incubate in warm PS (see step 2) for 30 min at 98°C on a hot plate.

8. Incubate in pepsin solution for 5 min at 37°C on a hot plate.

9. Wash in deionized or distilled water twice for 2 min each.

10. Dehydrate specimens using an ascending ethanol series (70%, 90%, and 100%) for
1 min each.

11. Air-dry specimens.

Denaturation and hybridization
12. Cover the specimens with hybridization probe solution.

Use an appropriate volume and concentration based on the manufacturer’s recommen-
dation.

13. Cover each specimen with a coverslip and seal it using rubber cement.

14. Place slides on a hot plate or hybridizer at 75°C for 10 min to enable DNA denatu-
ration.

15. Transfer slides to a hybridizer or humidity chamber at 37°C and hybridize overnight.

Second day

Post-hybridization processing
16. Pre-warm washing buffers (1× wb-1, wb-2, and wb-3) to 73°C in a water bath.

17. Remove the rubber cement and the coverslips from the slides by immersing in warm
1× wb-1 at 37°C on a hot plate for ∼3 min.

Work carefully to avoid damaging the specimens.

18. Wash specimens sequentially with 1× wb-1, wb-2, and wb-3, for 5 min each, at
37°C.

19. Incubate the slides in 70%, 90%, and 100% ethanol for 1 min each.

20. Air-dry specimens while protecting them from light.

21. Cover specimens with DAPI-containing mounting solution.

Avoid the formation of bubbles and overflow. Brockhoff
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22. Incubate the slides in the dark for ≥15 min to enable the penetration of DAPI into
cell nuclei.

Signal detection
23. After processing, examine the specimens via a fluorescence microscope with im-

mersion oil. If not immediately used, store the specimens in the dark for short-term
storage or at 2° to 8°C for long-term storage.

FISH specimens are commonly durable for a number of weeks and even months.

BASIC
PROTOCOL 2

(m)FISH APPLIED TO CYTOLOGICAL SPECIMENS

Instead of using FFPE tissues (Basic Protocol 1), (m)FISH can, for diagnostic or research
purposes, also be applied to cytological slide specimens derived from cell suspensions or
bodily fluids (e.g., ascites, urine samples). For this purpose, a sufficient number of cells
needs to be spun and immobilized on coated and positively charged slides. After fixation,
cytospin slides can be stored at –20°C until further processing.

Additional Materials (also see Basic Protocol 1)

Phosphate-buffered saline (PBS)
Previously washed (with PBS) cell suspension
1× SSC buffer
1% and 4% (v/v) formalin solutions
Ethanol series (prepared according to Basic Protocol 1, step 1)

Cytospin funnels (Thermo Scientific)
Positively charged microscope slides (e.g., Menzel Superfrost, Thermo Fisher

Scientific, cat. no. MZ-00011)

First day

Cell immobilization
1. Prepare Cytospin funnels according to the manufacturer’s manual, using positively

charged microscope slides.

2. Preload assembled Cytospin funnels with 100 μl PBS.

3. Transfer 20,000 cells out of the previously washed (with PBS) cell suspension into
the Cytospin funnels.

The total volume resulting from PBS preloading and cell transfer should not significantly
exceed 150 μl.

4. Spin cells onto the slides for 10 min at 600 × g.

5. Dismantle Cytospin funnels and release slides. Continue to processing immediately
to avoid drying out the specimens.

6. Transfer slides to a 4% formalin solution in a staining jar or bath and incubate for
10 min.

7. Store specimens ≤1 year at −20°C or continue to further processing immediately.

In the case of stored specimens, bring the specimens to room temperature before pro-
ceeding.

Specimen pretreatment
8. Wash specimens twice in 1× SSC buffer for 2 min at 73°C.

9. Incubate in pepsin solution for 20 min at 37°C.Brockhoff
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10. Incubate in 1× wb-3 (SSC buffer supplemented with 0.1% Igepal) for 5 min in glass
cuvettes.

11. Incubate in 1% formalin solution for 5 min in glass cuvettes.

12. Incubate in 1× wb-3 for 5 min in glass cuvettes.

13. Wash in deionized water for 1 min in glass cuvettes.

14. Dehydrate using an ascending ethanol series (70%, 90%, and 100%) for 1 min each
in glass cuvettes.

15. Let specimens air-dry.

Denaturation and hybridization
16. Cover the specimens (lying in horizontal position) with hybridization probe solution.

Use an appropriate volume and concentration based on the manufacturer’s recommen-
dation. Use a volume as low as possible but sufficient to cover the immobilized cells
completely, e.g., a few microliters only.

17. Cover specimens with coverslips and seal using rubber cement. Incubate at 75°C on
a hot plate or hybridizer for 10 min.

18. Transfer to a hybridizer or humidity chamber at 37°C and incubate overnight.

Second day

Solution preparation
19. Pre-warm washing buffers (1× wb-1, wb-2, and wb-3) to 73°C in a water bath.

Post-hybridization processing
20. Incubate slides in warm 1× wb-1 for 2 min at room temperature in glass cuvettes.

21. Incubate slides in warm 2× wb-1 for 2 min at room temperature in glass cuvettes.

22. Incubate slides in warm 3× wb-1 for 2 min at room temperature in glass cuvettes.

23. Air-dry specimens while protecting them from light.

24. Cover specimens with DAPI-containing mounting solution.

Avoid the formation of bubbles and overflow.

25. Incubate the slides in the dark to enable the penetration of DAPI into cell nuclei.

Signal detection
26. After processing, examine the specimens via a fluorescence microscope with im-

mersion oil. If not immediately used, store the specimens in the dark for short-term
storage or at 2° to 8°C for long-term storage.

COMMENTARY

Background Information
Interphase FISH is a relatively easy and fast

executable approach that in many cases com-
plements (immuno-)histological diagnosis of
already recognized or putative malignant tis-
sues or cytologies. In addition to histological
evaluation of the tissue architecture (usually
done by a pathologist) and immunohistologi-
cal assessment of cellular phenotypes (i.e., ba-
sically biomarker/antigene expression), it pro-
vides additional information about (potential)

genomic alterations, among them gene ampli-
fications, chromosomal translocations and re-
arrangements, or whole chromosomal losses
or multiplications, the last commonly called
polysomies. In particular, the fluorescence-
based approach allows the quantitative assess-
ment of multiple chromosomal markers at the
same time and facilitates their evaluation on
a cell-by-cell basis. Moreover, careful inspec-
tion of multi-marker FISH specimens enables
the assessment of potential cell and tissue Brockhoff
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heterogeneity within tumor tissues. Even
though FISH is a powerful complementary di-
agnostic tool that is very much suitable for the
identification of known disease-specific chro-
mosomal alterations in tumor tissues, it is not
a substitute for modern, advanced molecular-
pathological techniques, such as quantitative
and multiplex PCRs, panel or next-generation
sequencing, or multi-gene expression analy-
ses. Likewise, single-nucleotide or oligonu-
cleotide mutations cannot be identified by the
hybridization of larger chromosomal regions.
In contrast to those and other approaches,
the information revealed by chromogenic and
fluorescence-based ISH is derived from sin-
gle cell inspections and is not accompanied by
loss of tissue architecture and morphology.

A certain methodical advantage of FISH
is that the identification of chromosomal
rearrangements, as gains or losses do usu-
ally not require extra (positive or negative)
controls because hybridization results are, in
most cases, readily apparent, quantitative, and
thus unequivocal. Nevertheless, the inspec-
tion of FISH specimens by two independent
observers is generally recommended even
though FISH images can now be evaluated
(semi-)automatically. Furthermore, the in-
spection of sufficiently large and different
tissue areas is essential to make sure that
potential heterogeneity is not overlooked
and ignored. Another advantage is that, once
established, appropriate FISH preparation
protocols can be applied to a variety of tissue
types in the same way and can be practically
transferred, one to one, to the use of different
hybridization probes, irrespective of which
chromosomal aberration (e.g., amplification,
translocation) is the subject of interest. Last
but not least, the financial outlay is quite
reasonable.

Critical Parameters and
Troubleshooting

Pitfalls, tips, and troubleshooting
Make sure to dry sections completely prior

to probe application in Basic Protocols 1 and
2. Residual moisture may adversely affect sig-
nal intensity and/or tissue morphology.

When adding probe solution to each slide,
make sure that the specimen gets completely
covered. This prevents blank (i.e., not hy-
bridized) tissue areas and enables the identi-
fication of potential cellular heterogeneity.

Remove probe-covered specimens from di-
rect light and avoid long light exposure. This
prevents fading or bleaching of the fluo-

rochrome. This issue is not relevant when
using conventional (non-fluorescent) chro-
mogens.

Avoid the formation of air bubbles when
covering slides with coverslips. Air bubbles
cause uncovered tissue areas and irregular
probe hybridization. Sealing of the coverslips
by using rubber cement (or a similar prod-
uct) prevents slipping of the coverslips out of
position and, even more importantly, prevents
evaporation of the probe solution.

Signal visualization, evaluation
(counting), and data interpretation

Microscopy of (F)ISH specimens is the ba-
sis for the assessment of hybridization spots
for Basic Protocols 1 and 2. In the case
of FISH, make sure that the microscope is
equipped with appropriate single- and dual-
color filters. When analyzing tissues, make
sure to evaluate a relevant tissue area of in-
terest. Getting an initial overview by using a
moderate magnification helps to identify the
region of interest. When using a higher mag-
nification (e.g., 40×, 63×), make sure to eval-
uate non-sliced nuclei and to assess all hy-
bridization spots by carefully focusing across
the 3D structure of cell nuclei.

Verify the quality of hybridization by
using positive-control specimens whenever
available.

Try to count every single hybridization
spot in each cell nucleus. Count signal nu-
cleus by nucleus, not marker by marker.
When fluorochrome-labeled probes are ap-
plied, the use of dual- or tri-color fluores-
cence filters enormously facilitates nucleus-
by-nucleus signal counting.

A number of hybridization spots can appear
in clusters. Hybridization signals should be in-
terpreted as individual spots if the distance be-
tween the spots amounts to about one signal
diameter or more.

Do not evaluate overlapping, apparently
sliced, or over-digested/denaturized nuclei.

For data interpretation (especially in diag-
nostics), apply official (i.e., binding) guide-
lines, if available.

Understanding Results
Interpretation of data revealed by (F)ISH

cannot be generalized and depends on the
probes applied, i.e., probes designed to detect
gene copy numbers, translocations, rearrange-
ments, and so forth. Hybridization spots and
patterns can be easily and reliably rated when
compared to those derived from control tissues
or cells (e.g., normal, non-malignant samples).

Brockhoff
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However, control specimens are not always re-
quired because modifications such as translo-
cations or amplifications can also be identified
without comparison to specimens known to
not harbor any genomic alteration. A major ad-
vantage of a fluorescence-based approach over
an chromogenic approach is that FISH results
are inherently unequivocal, quantitative, and
less user dependent. Nevertheless, the inspec-
tion of FISH specimens by two independent
observers is strongly recommended.

Time Considerations
The typical interphase (m)FISH procedure

performed on FFPE specimens (Basic Proto-
cols 1 and 2) takes about two half days (in-
cluding overnight incubation). Processing can
be accelerated by the use of probes and pro-
tocols optimized for this purpose. Neverthe-
less, an established, more common approach
can probably not be finished within <1 day.
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