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FISHing for Damage on Metaphase Chromosomes

P. Logan Schuck and Jason A. Stewart

Abstract

Fluorescence in situ hybridization (FISH) is used to examine chromosomal abnormalities and DNA
damage. Developed in the early 1980s, this technique remains an important tool for understanding
chromosome biology and diagnosing genetic disease and cancer. Use of FISH on metaphase chromosomes
allows the visualization of chromosomal abnormalities at specific loci. Here, we describe methods for
creating metaphase chromosome spreads and the use of telomere FISH probes to detect chromosome ends.
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1 Introduction

In 1842, Carl Wilhelm von N€ageli first observed chromosomes in
dividing plant cells [1]. While some herald this as the beginning of
karyotyping, it was not until 1955 that the correct number of
human chromosomes was determined by metaphase spread analy-
sis, helping to usher in the field of chromosome biology [2]. This
field was rapidly advanced in 1968 when the first in situ hybridiza-
tion was successfully performed on Xenopus chromosomes
[3]. This first approach used radiolabeled ribosomal RNA probes
to detect stationary chromosomal DNA. The subsequent creation
of biotin-labeled polynucleotides allowed for easy capture and fluo-
rescein labeling of specific RNA/DNA sequences, making the
technique more accessible [4].

Early fluorescent-labeled probes were large and relied on highly
repetitive DNA sequences to obtain a detectable signal. However,
this was a major improvement over autoradiographs, which
required long exposure times and handling of radioactive material
[3]. In the early 1980s, the quality and synthesis of probes
continued to improve along with the detection of fluorescent
dyes, leading to what we now know as fluorescence in situ hybridi-
zation (FISH) [5–8].
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Early FISH analysis was used to probe chromosome structure
and stability, and is now employed to detect aneuploidy, gene
deletions, gene duplications, translocations, and chromosome
breakage. For example, this technique has been extensively
employed in the mapping and analysis of common chromosomal
fragile sites [9, 10]. FISH is also regularly used to study the repli-
cation and maintenance of repetitive DNA regions of the genome,
such as centromeres, rDNA and telomeres [11–14]. More recently,
a modified FISH technique was developed to more closely examine
double-strand breaks at specific loci, using split-apart or breakaway
probes. This technique relies on two colored FISH probes that
flank the double-strand break [15, 16].

In the early 1990s, cytogeneticists realized the utility of this
technique as a clinical diagnostic and began using FISH for karyo-
typing and the detection of chromosome abnormalities in diseases
such as Fragile X and Down’s syndrome [17–19]. The use of FISH
as a clinical diagnostic continued to expand in intervening years
becoming a powerful tool to detect and treat a number of genetic
diseases and cancers. For example, FISH is used to identify whether
breast cancers are HER2 positive or negative, which aids in the
choice of drug treatment [20, 21]. It is also used in the treatment of
leukemia [22]. In recent years, FISH has been combined with flow
cytometry (Flow-FISH) for rapid detection of chromosome aberra-
tions in clinical settings. Yet Flow-FISH is not capable of detecting
chromosome fusions, chromosome fragility and structural aberra-
tions [23]. With such limitations, traditional FISH remains a pow-
erful tool for understanding basic chromosome biology and the
molecular mechanisms of genetic disease and cancer.

Here, we describe the use of FISH to detect telomeric DNA on
metaphase chromosomes. This technique can detect end-to-end
chromosomal fusions, telomere fragility, and telomere loss
[11, 13]. This protocol will describe the preparation of metaphase
spreads and telomeric DNA with telomere FISH probes. However,
this protocol can also be modified for use with FISH probes to
other chromosomal loci [24, 25].

2 Materials

2.1 Cell Culturing 1. 6 cm sterile culturing dishes.

2. Cell growth media: specific to the cells being cultured (see
Note 1).

3. Phosphate buffered saline (PBS): 137 mM sodium chloride,
2.7 mM potassium chloride, 10 mM disodium phosphate,
1.8 mM monopotassium phosphate pH 7.4.

4. Trypsin–EDTA Solution: 0.25% trypsin with 0.01% EDTA.
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2.2 Cell Collection 1. 0.5 mg/mL colcemid in 100% ethanol. Solution should be
stored at �20 �C. (see Note 2).

2. 15 mL conical tubes.

3. 0.075 M KCl.

4. 37 �C water bath.

5. Carnoy’s fixative solution: three parts 100% methanol to 1 part
glacial acetic acid (vol:vol), prepare fresh (see Note 3).

2.3 Metaphase

Spreads

1. 1.5 mL microcentrifuge tubes.

2. Plain unfrosted slides stored in ultrapure water at 4 �C (see
Note 4).

3. Heat block capable of reaching 70–80 �C.

4. Ultrapure water.

5. Paper towel or cloth.

6. Waste beaker.

2.4 FISH 1. Coplin jars or equivalent microscope slide staining rack/reser-
voir system.

2. PBS.

3. 4% formaldehyde in PBS.

4. 1 mg/mL pepsin in 10 mM glycine pH 2.0, prewarmed to
37 �C.

5. 70%, 90%, and 100% ethanol.

6. Telomere FISH probe (see Note 5).

7. 22 mm � 30 mm coverslip glass, No 1.5.

8. Hybridization oven or heat block capable of reaching 80 �C.

9. 10% blocking reagent: 10% Blocking reagent (Roche)
(weight–volume) dissolved in 100 mM maleic acid, 150 mM
NaCl. Adjust pH to 7.5 with NaOH. Autoclave and store at
�20�C.

10. Hybridization buffer: 10 mM Tris–HCl, pH 7.2, 70% form-
amide, 1% blocking reagent. Make fresh and filter-sterilize.

11. Hybridization chamber: light blocking, humidified chamber
(see Note 6 and Fig. 3).

12. Wash solution #1: 10 mM Tris–HCl, pH 7.2, 70% formamide,
0.1% BSA. Dissolve the BSA prior to adding formamide.

13. Wash solution #2: 0.1 M Tris–HCl pH 7.2, 0.15 M NaCl,
0.08% Tween 20.

14. Mounting media containing 0.5 μg/mL DAPI.
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3 Methods

3.1 Cell Collection 1. Grow cells overnight to 40–50% confluency in 6 cm culture
dish. For HeLa cells, a good starting point is to plate
~5 � 105 cells the day prior to collection.

2. Add 4 μL of 0.5 mg/mL colcemid to each 6 cm dish and
incubate for 2 h in a 37�C CO2 incubator (see Note 7).

3. Collect the media from the 6 cm plate in a 15 mL tube.

4. Wash cells once with PBS. Add the PBS wash to the 15mL tube
with the media (see Note 8).

5. Add 0.5 mL trypsin–EDTA to the cells and incubate at 37 �C
until cells detach from the plate (~3 min).

6. Add 3 mL of complete media to neutralize the trypsin and add
the cells suspension to the tube with the media and PBS wash.

7. Spin down the cells in the 15 mL conical tube at 300 rcf
(relative centrifugal force) for 4 min.

8. Wash the cells in PBS by removing the supernatant and resus-
pending the cell pellet in 5 mL of PBS (see Note 9).

9. Spin down the cells in the 15 mL conical tube at 300 rcf for
5 min and remove the supernatant.

10. Resuspend the cell pellet in the residual liquid and add 5 mL of
prewarmed (37 �C) 0.075 M KCl dropwise to the cells, while
gently vortexing the tube (see Note 10).

11. Immediately place the 15mL conical with cells in a 37 �Cwater
bath for 15–20 min. Ensure the cells are suspended by invert-
ing the tubes occasionally (see Note 11).

12. Spin down the cells at 300 rcf for 5 min.

13. Remove the 0.075 M KCl. Resuspend the cell pellet in the
residual liquid and then add 5 mL of Carnoy’s fixative solution
dropwise as in Subheading 3.1, step 9 (see Note 10).

14. Place tubes at 4 �C at least overnight (see Note 12).

3.2 Slide Preparation 1. Ensure that the heat block is between 70 and 80 �C. Flip the
heat block upside down so the flat surface is face up. Place a
folded paper towel to fit over the heat block and dampen the
paper towel with water so that it is wet throughout (see Note
13 and Fig. 1).

2. Spin down the 15 mL conical tube containing the fixed cells at
800 rcf for 5 min.

3. Remove the supernatant and resuspend the cell pellet in
0.5–1 mL of fresh Carnoy’s fixative solution (see Note 14).

4. Transfer the resuspended fixed cells to a 1.5 mL microcentri-
fuge tube and keep on ice or at 4 �C.
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5. Take a prechilled slide and hold it at an ~45� angle over the
waste beaker (seeNote 15 and Fig. 1). From a few inches above
the slide, gently drop 50 μL of the fixed cells across the middle
of the slide so that the drops travel to the bottom of the slide
(see Note 16).

6. Immediately rinse the slide with 1–2 mL of fresh Carnoy’s
fixative, running the solution down the slide.

7. Place the slide, with the cell side up, on the heat block with the
wet paper towel for 30–60 s. Most or all of the fixative should
be evaporated at this time (see Note 17).

8. Wipe the residual water off the back of the slide and let cool to
room temperature.

9. Check the first slide of each sample under a light microscope to
ensure that cell concentration and spreading are adequate (see
Fig. 2) and then make additional slides, as needed.

10. Label and place the slides into a slide storage box or folder at
least overnight before beginning the FISH protocol outlined
below. The slides can also be stained with Giemsa or DAPI at
this point to look for gross chromosomal abnormalities (see
Note 18).

Fig. 1 (a) Setup for making metaphase spreads. The ice bucket contains samples in microcentrifuge tubes,
fresh fixative with a transfer pipette and glass slides in a beaker of water. The heat block on the left has a
paper towel folded over the top and is soaked with water regularly. The beaker in the middle of the image is a
waste beaker to catch fresh fixative used to wash the slides. (b) Fixed cells are dropped onto a slide at an
~45� angle. (c) The slides are washed with fresh fixative before being placed onto the moist paper towel on
the heat block

Fig. 2 (a) Chromosome spreads from HeLa cells under 10� magnification. Arrows indicate metaphase
spreads. (b, c) Close-up of metaphase spreads seen in (a), denoted by boxes
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3.3 FISH Probe

Application

Here, we will describe the procedure of telomere FISH (see Note
5). However, this method can be modified for use with other
chromosome-specific probes (see Note 19).

1. Rehydrate the slides in PBS for 5 min by placing the slide in a
Coplin jar, such that the fixed cells are submerged in the liquid
(seeNote 20). Ensure that enough liquid is used to completely
submerge the region on the slide containing the cells. All
subsequent steps are performed at room temperature, unless
otherwise indicated.

2. Transfer the slides into a new Coplin jar with 4% formaldehyde
in PBS for 2 min to fix the slides.

3. Wash the slides in Coplin jars with PBS for 5 min. Repeat twice
with fresh PBS each time.

4. Treat slides with prewarmed pepsin at 37 �C for 5–8 min and
no more than 10 min. It is recommended that the Coplin jar
containing the pepsin solution be prewarmed to 37 �C (see
Note 21).

5. Wash the slides in a PBS containing Coplin jar for 2 min.
Repeat twice with fresh PBS each time.

6. Fix the spreads again in 4% formaldehyde as in Subheading 3.3,
step 2.

7. Wash the slides in a PBS containing Coplin jar for 5 min.
Repeat twice with fresh PBS each time.

8. Dehydrate the spreads by placing them in increasing ethanol
concentrations for 1–2 min each. Start with 70% ethanol, move
to 90% ethanol, and finally 100% ethanol.

9. Remove the slides from the Coplin jars and place them cell side
up on paper towel. Allow the slides to air-dry. Ensure the slides
are protected from dust and other debris as they dry.

10. Prepare the telomere FISH probe by diluting it to 10 nM in
hybridization buffer (see Note 22). From this point on, mini-
mize the amount of light exposure to the slides.

11. Prepare 35 μL of the probe + hybridization solution per slide.
Place a small drop on the slide near the bottom where the cells
are located. The remaining solution is spread in a line across a
22 mm � 30 mm glass coverslip. Take the slide and gently flip
it over in your hand. Carefully fuse the solution on the slide
with the that on the coverslip. The coverslip should then get
pulled up onto the slide due to surface tension (see Note 23).

12. Incubate the slide, coverslip side up, at 80�C for 5 min (see
Note 24).

13. Place the slide in a prewarmed hybridization chamber (37 �C)
and allow the probe to hybridize with the DNA for at least two
hours at room temperature. Slides can also be left to hybridize
overnight (see Note 25 and Fig. 3).
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14. Place a small amount of the hybridization wash solution #1 in a
petri plate or similar container. Gently dip the slides with the
coverslip side down into the solution and allow the coverslips
to slide off, when necessary gently help the coverslip off with a
gloved finger or the side of the dish, being careful not to scrape
the slide.

15. Wash slides in an aluminum foil covered, or other light pro-
tected, Coplin jar filled with wash solution #1 for 15 min.
Repeat with a second wash step. All wash steps from this
point on should be performed in light-protected Coplin jars.

16. Wash the slides with wash solution #2 for 5 min. Repeat twice
(see Notes 26 and 27).

17. Dehydrate the slides as in Subheading 3.3, step 8.

18. Air-dry the slides in the dark.

19. Prepare 25 μL of mounting media with DAPI per slide. Place
one drop on a 22 mm � 30 mm coverslip and apply the
remaining mounting media on the slide, being careful not to
scrape the pipette tip across the slide. Gently and slowly lay the
coverslip down starting at one end of the mounting media on
the slide and moving toward the other, avoiding the introduc-
tion of bubbles into the media.

3.4 Imaging FISH-

Labeled Spreads

1. If necessary, allow the mounting media to harden overnight.

2. Image slides between 40 and 100� magnification, using the
correct light filters. Ensure the proper immersion media is
used, as microscopes objectives 40� and above typically require
water or oil.

3. Take images of the FISH signals on metaphase chromosomes
and overlay them with the DAPI. Save and export images (see
Fig. 4 and Note 28).

Fig. 3 Example of a homemade hybridization chamber. (a) A plastic storage
container covered in aluminum foil with filter paper placed in the bottom of the
container. Glass rods were bent to fit into the bottom of the container and hold
microscope slides. (b) The lid and container are covered in aluminum foil to
protect the samples from light
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4 Notes

1. The protocol described is optimized for HeLa and HCT116
cells. Steps and conditions may need to be optimized for other
cell lines.

2. Colcemid is a spindle poison that prevents the formation of
microtubules, which causes the cells to arrest in prometaphase
[26]. Other spindle poisons can be used in place of colcemid,
such as colchicine and nocodazole. Nocodazole has the benefit
of being reversible, whereas colcemid and colchicine are irre-
versible. The chemotherapeutic drug paclitaxel, sold under the
name Taxol, also acts as a spindle poison.

3. The fixative solution should be kept cold (4 �C or on ice) and
made fresh on the day of its use. Over time, methanol and
acetic acid will form the ester, methyl acetate, which prevents
chromosome spreading [27].

4. The slides should be stored in water at least overnight prior to
their use. Each slide should be separated and individually
submerged, which increases spreading efficiency during meta-
phase spread preparation.

5. Telomere FISH probes can target either the C-rich or G-rich
strand and typically contain three telomere repeats (C-strand

Fig. 4 Example image of telomere FISH on a metaphase spread. Blue, DAPI;
Green, FITC-labeled telomere FISH probe
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probe: [TTAGGG]3; G-strand [CCCTAA]3) labeled with a
fluorophore. A centromere probe can be combined with the
telomere FISH protocol to help detect chromosomal fusions.
Premade and custom probes are available for purchase from
several companies and can be labeled with a variety of different
fluorophores. The telomere probe used in this protocol has a
peptide nucleic acid (PNA) backbone, which are more stable
than DNA probes. Locked nucleic acid (LPA) and bridged
nucleic acid (BNA) probes are also available, and they provide
greater stability and binding than DNA probes.

6. A dark, humidified chamber is used to prevent the FISH probe
solution from drying out during hybridization. Homemade
chambers can be made out of a plastic box that has been
blacked out using aluminum foil (see Fig. 3). In the bottom
of the box, an absorbent material should be placed, along with
a way to elevate slides. We find that parallel glass rods on top of
filter paper works well. The filter paper is soaked with water to
humidify the chamber.

7. Colcemid is used to enrich the mitotic cell population. Con-
centration and incubation time should be optimized for each
cell line and to ensure no unintended side effects. Prolonged
colcemid treatment has been shown to condense sister chro-
matids to the point they separate and attempt to reconstitute a
nucleus [26].

8. Cells can also be collected by mitotic shake-off, which enriches
the number of mitotic cells but yields lower total cell numbers.
To collect cells by mitotic shake-off, tap the side of the dish to
dislodge mitotic cells from the plate. Use of a screw-top, non-
vented capped cell culture flask allows you to increase the
strength at which you can tap the flask, increasing the number
of mitotic cells obtained. Next, wash media across the cells
several times and collect the media. Add PBS and repeat the
steps above to dislodge and collect cells. Proceed to Subhead-
ing 3.1, step 6.

9. One way to minimize the loss and clumping of cells is to
resuspend the cell pellet in the residual supernatant. This can
be done by flicking the 15 mL conical tube several times or
dragging it along a ridged surface several times such as a
1.5 mL centrifuge tube rack.

10. On a typical vortex, the speed should be set just below half full
speed. The tube is held in one hand loosely to allow a sample to
be gently vortexed, while the other hand is used to add the
solution dropwise to the sample. Only the first 1–2 mL of the
solution needs to be added to the sample dropwise.

11. This step is used to swell the cells. The 0.075 M KCl is a
hypotonic solution and will cause the cells to take in water.
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Incubation times may need to be adjusted for different cell
types. There is a risk of having the cells burst if they are allowed
to incubate in the 0.075 M KCl solution for too long or the
solution is too hypotonic [28].

12. The fixed cells can be saved for at least several years.

13. Ensure that the paper towel on the heat block is wet each time
before placing slides on it. When making multiple slides, water
will need to be continually added to the paper towel at regular
intervals. For safety, make sure that the heat block used is able
to get wet.

14. The volume of Carnoy’s fixative added will depend on the
number of cells. For proper spreading, the cell density on the
slide should be ~20–50% in most areas. To check this, make
one metaphase slide and then check it under a light micro-
scope. If the cell density is too high, then dilute the samples. If
it is too low, then spin the cells down and resuspend them in a
lower volume.

15. The slide should have a film of water on it when removed.

16. A common misconception in making metaphase spreads is that
cells burst due to the force of being dropped from a long
distance. However, the cells burst due to heating, humidity,
and expansion of the volatile liquid inside, so the distance that
you drop the solution does not need to be more than a few
inches, which helps the solution spread across the slide.

17. This step influences the quality of the metaphase spreads. The
spreads and interphase cells will be barely visible under the
microscope. As you prolong the incubation time on the heat
block, the cells will become more visible under the microscope,
and, in our experience, the quality of the metaphase spreads
decrease.

18. If you want to perform metaphase spreads analysis without
FISH, the slides may be stained the next day using Giemsa
stain or DAPI [28, 29]. This is useful for determining gross
chromosomal abnormalities, such as chromosomal breaks or
gaps, aneuploidy, or chromatid cohesion loss.

19. Chromosome- and locus-specific probes are available from a
number of manufacturers. Many of these probes include their
own hybridization buffer and instructions from the manufac-
turer, which should be used as a starting point for FISH
analysis with the probe.

20. Between steps a lint-free tissue is used to blot off the excess
liquid at the bottom of the slide.

21. Pepsin is used to remove protein from the chromosomes to
provide better access for the probe. Other proteases such as
trypsin can also be used.
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22. The telomere probe concentration may need to be empirically
determined. A range of 4–55 nM has been reported to work for
telomere FISH. Telomere length, probe quality, fluorophore
brightness, and hybridization conditions can affect signal
detection.

23. This step must be done carefully to prevent bubbles from
forming between the coverslip and slide. The volume can also
be scaled for smaller or larger coverslips. The volume should be
sufficient for the coverslip to slightly float in the liquid on the
slide.

24. A hybridization oven is ideal, but a heat block or water bath
may also be used for this step.

25. Ensure that an excess of water is on the filter paper to prevent
the hybridization buffer drying out on the slide.

26. Instead of using mounting media containing DAPI in Sub-
heading 3.3, step 19, DAPI (0.5 μg/mL final concentration)
can be added to the second wash step and the wash extended to
10 min.

27. If the FISH probe signal is weak, the signal can be amplified
with antibodies conjugated with biotin followed by an incuba-
tion with an avidin-conjugated fluorophore on the telomere
FISH probe. Additional amplification steps can also be added.

28. Telomere FISH can be used to assess chromosome fusions,
telomere fragility, telomere signal loss, and telomere length
[30, 31]. There are several free software packages that are
available for telomere length analysis, including TFL-Telo
and telometer (an ImageJ plug-in) [32].
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