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Abstract

Current methods for chromosome painting via fluorescence in situ hybridization (FISH) are costly,
time consuming, and are limited in complexity. In contrast to conventional sources of probe,
Oligopaints are computationally designed, synthesized on microarrays, and amplified by PCR.
This approach allows for precise control over the sequences they target, which can range from a
few kilobases to entire chromosomes with the same basic protocol. We have utilized the flexibility
and scalability of Oligopaints to generate low-cost and renewable chromosome paints for
Drosophila, mouse, and human chromosomes. These Oligopaint libraries can be customized to
label any genomic feature(s) in a chromosome-wide manner. Additionally, this method is
compatible with sequential FISH to label entire genomes with a single denaturation step. Here, we
outline a protocol and considerations to scale the Oligopaint technology for fluorescent labeling of
whole chromosomes.
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1. Introduction

The discovery of nonrandom chromosome folding and positioning in the nucleus [1, 2] has
precipitated ongoing efforts to determine the contribution of this spatial organization to gene
function. Fluorescence in situ hybridization (FISH) has been instrumental in relating gene
positioning to transcriptional outputs, as seen at the chromosomal level with X-inactivation
[3-7] and with the positioning of genes relative to their chromosome and to the nuclear
periphery [8-13]. With advances in computing power and next-generation sequencing,
however, bulk genomic assays such as Hi-C [14-17] have outpaced the implementation of
traditional FISH methodologies in elucidating the structure and spatial characteristics of
chromosomes. FISH, on the other hand, can more readily capture single-cell variability that
is lost with ensemble genomic assays and inherently adds positioning information [18-20].
The Oligopaints pipeline for FISH utilizes /in silico screening of candidate probe sequences
for favorable criteria, including uniqueness and melting temperature, that can be easily
synthesized as short and renewable oligo probes [21, 22]. Oligopaints avoid issues with
traditional FISH probes that use genomic DNA or degenerate primers for random
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amplification by avoiding non-unique and repetitive sequences [23-27]. This greatly
diminishes batch effects common with FISH, ultimately leading to more reproducible
results.

Oligopaints has already been successfully employed by a number of groups to visualize
relatively small genomic regions (5-300Kb) [14, 19, 28-33]. Recently, we have successfully
scaled the Oligopaint technology for the visualization of large genomic regions (several
Mbs) up to entire chromosomes for several species without added cost or loss in resolution
(Fig. 1). Compared to conventional chromosome painting strategies, we find that Oligopaints
greatly reduce background signal permitting accurate measurements of chromosome size,
shape, and position in the nucleus [34]. Indeed, this strategy has been used in cells and
tissues in both flies and worms to identify factors necessary for large-scale chromosome
folding [32, 34]. Finally, multi-Mb Oligopaints can be further functionalized by assigning
multiple primer pairs to each probe, allowing a single genomic sequence to be used for
multiple probe sets (Fig. 2). For example, oligos assigned to a chromosome can be
selectively amplified to interrogate different scales of chromosome organization, from whole
chromosomes to sub-chromosomal domains and individual genes. The control over probe
production is also crucial when generating allele-specific probes, which can address
biological questions regarding allele-specific alterations in structure and/or expression [28].
Here, we outline a protocol and considerations to scale the Oligopaint technology for
fluorescent labeling of whole chromosomes.

2. Materials

2.1. Complex oligo pools synthesized on microarray from commercial vendor

2.2. Initial PCR Amplification

1 Complex oligo pool
2 Phusion High-Fidelity PCR Master Mix
3 Forward primer

4, Reverse primer
5

PCR purification kit

2.3. Secondary PCR Amplification

1 Forward primer with secondary binding sequence on 5’ end (see Note 1).
2. Reverse primer with T7 promoter sequence on 5’ end:
TAATACGACTCACTATAGGG.

3. PCR clean up kit.

>

Taq polymerase and appropriate reaction buffer.

5. 10 mM dNTP mix.
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2.4. T7 Reaction
1 HiScribe T7 Quick High Yield RNA Synthesis Kit

2. RNaseOUT recombinant ribonuclease inhibitor (see Note 2)

2.5. Reverse Transcription

1 Maxima H Minus RT Transcriptase

2. 100 mM dNTP Mix: add 100 mM dNTPs in equal ratio to each other.

2.6. Probe Purification
1 DNA Clean and Concentrator-100 kit (see Note 3)

2 1M NaOH

3 0.5M EDTA

4, Oligo binding buffer
5 100% ethanol

2.7. Sample Fixation

1 Poly-L-lysine coated slides (see Note 4)

2 10x PBS solution:

3. 1x PBS solution: dilute 10x PBS solution with ddH20O.
4

Fixation solution: Add 10 ml of 16% (vol/vol) paraformaldehyde, 26 ml of
ddH20, and 4 ml of 10x PBS.

o

Coplin staining jar for slides

6. Kim wipes

2.8. Sample Permeabilization (see Note 5)

1. Permeabilization solution: Add 200 ul of Triton X-100 to 40 ml of ddH20.
Prepared fresh.

70% ethanol: Add 12 ml of 100% ethanol to 28 ml of ddH20
90% ethanol: Add 4 ml of 100% ethanol to 36 ml of ddH20.
100% ethanol: Set aside 50 ml.

20x SSC: 3 M NaCl, 300 mM sodium citrate

© ua &~ W DN

4x SSCT: For 1 L, add 200 ml of 20x SSC, 2 ml of Tween-20, and 798 ml of
ddH20.

7. 2x SSCT + 50% formamide: Combine 20 ml of 4x SSCT with 20 ml of
formamide (see Note 6).
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2.9. Sample Pretreatment

1 Water bath set at 92°C (or lower temperatures, see Note 7)
2. Water bath set at 60°C

3. Heat block, mostly immersed in 92°C water bath. Top of the heat block should
be above the water to rest the slide.

4, 2x SSCT + 50% formamide. Fill a coplin jar with this solution and place into

each water bath.

2.10. Hybridization of Primary Probe
1 Probe (see Note 8)

2. Dextran sulfate mix: For a 10 ml mix, add 4 g of dextran sulfate, 4 ml of 20 x
SSC, and 40 pl of Tween-20. Add ddH20 up to 10 ml. Optional: addition of
PVSA (up to 4% final conc.) (see Note 9)

3. Formamide
4, Optional: 100 mM dNTPs mix. (see Note 10)

5. Incubator set at 37°C (see Note 11)

2.11. Post-Hybridization Wash

1. 2x SSCT: For 1 L, add 100 ml of 20x SSC, 1 ml of Tween-20, and 899 ml of
ddH20.

2. 0.2x SSC: For 1 L, add 10 ml of 20x SSC and 990 ml of ddH20.

2.12. Hybridization of Secondary Probe

1. Secondary probe: a fluorophore-labeled oligo with reverse complementarity to
the secondary binding site.

2. Dextran sulfate mix (see above).

3. Formamide

2.13. Post-Secondary Wash and Mounting
1 2x SSCT (see above).

2. 0.2x SSC (see above).
3. Hoechst 33342, 10 mg/ml.

3. Methods

3.1. Oligopaint probe design considerations:

1 Generation of probe sequences: The original Oligopaints were designed using
the BLAST algorithm [21], but newer Oligominer pipeline takes advantage of
next-generation sequence alignment, making Oligopaint design more feasible
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without the need for a high performance computing cluster [22]. Premined probe
sequences to popular model organisms are publicly available [35], but any
genomic sequence in fasta format can be mined for probes. Importantly, the
quality and quantity of probe is highly dependent on the quality and
completeness of the genome build. Oligopaint probes, in general, can tolerate
some mismatches along the hybridization sequence, but while this allows
Oligopaint probes to be used across different genomes containing
polymorphisms relative to the reference genome, improper screening of
repetitive sequences can lead to the inadvertent design and non-specific probes.

Probe density: Density of probes targeting a genomic region can be relaxed when
targeting multi megabases to entire chromosomes compared to sub-megabase
genomic targets. While the original Oligopaint and Oligominer bioinformatics
pipeline will automatically find all candidate probes across a region of interest,
with a typical density of 5-20 probes per kilobase (probes/kb), we have found
that ~0.5 to ~2 probes/kb is sufficient to label entire chromosomes [34] (see Fig.
1).

Multiplexing probe design and production: Because Oligopaints are made by
primer-based amplification, nested primers can be used to assign a probe
sequence for multiple purposes (see Fig. 2a,b). For instance, a single oligo pool
can be used to differentially label different chromosomes or different regions of
an entire chromosome. This has recently been used to segment the chromosome
into megabase- and kilobase-sized chunks [32].

Multiplex probe labeling: Since the primer sequences are incorporated into the
probe themselves, they can be used to dock “secondary” fluorophore-labeled
probes for indirect labeling, akin to the use of primary and secondary antibody
pairs for immunolabeling applications [21, 28]. As an example, whole
chromosomes in Drosophila cells can be hybridized with unlabeled primary
probe, and then secondary probes can simultaneously label the whole
chromosome as well as sub-Mb regions within it [34] (see Fig. 2¢). This
approach to labeling also simplifies probe production, as one would only need to
synthesize one chromosome probe to enable ad /oc labeling of features of
interest of that chromosome. Finally, these secondary probes can either be
bleached [19] or stripped off with competing unlabeled oligos called “toeholds”
[31, 34] to allow for these fluorescent dyes to be reassigned to other secondaries
for the detection of many features in the same cell. This strategy has worked well
to achieve genome-wide 5-color chromosome painting in Drosophila nuclei [34].

3.2. Probe Production

1

PCR amplify the oligo pool by assembling a 50 ul reaction with the following:
1.25 pl of 20 uM forward primer, 1.25 ul of 20 uM reverse primer, 1 ul of 100
pa/ul oligo pool, 21.5 pl of ddH20, and 25 pl of 2x Phusion Master Mix.

Run PCR with the following cycle: initial denaturation of 98°C for 3 min, then
30 cycles of 98°C for 5 s and 72°C for 15 s, then 72°C for 2 min.
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Purify the reaction using a PCR purification kit and measure the DNA
concentration. Dilute to 20 ng/ul.

Perform second PCR to attach a T7 sequence and secondary binding sequence,
using the oligo pool PCR product as a template (see Note 12). Assemble a 200 pl
reaction with the following: 0.4 ul of 200 uM forward primer containing
secondary binding sequence, 0.4 pl 200 of uM reverse primer containing T7
sequence, 4 pl of 10 mM dNTP mix, 1 ul of 20 ng/ul oligo pool PCR product,
PCR buffer, Taq polymerase, and ddH2O. The 200 pl reaction can be split across
multiple tubes.

Run a standard PCR reaction based on the manufacturer’s suggestion, such as the
following: initial denaturation of 94°C for 5 min, then 35 cycles of 94°C for 45 s,
56°C for 30 s, and 72°C for 30 s, then 72°C for 5 min.

Combine the PCR reactions, purify, and elute in 50 pl. A typical yield is at least
30 ng/l.

Synthesize RNA in a 20 pl reaction with the following components from the
HiScribe T7 kit: 7 pl of the PCR product, 2 ul of each ribonucleotide, 2 ul of 10x
T7 buffer, and 2 ul of T7 polymerase. Add 1 pl of RNAseOUT to help prevent
RNA degradation. Incubate at 37°C overnight.

The following day, bring the T7 reaction to room temperature and assemble a
150 pl reverse transcription (RT) reaction directly with the T7 reaction mix.
Include the following: 20 pl of T7 sample, 7.5 pl of 200 uM forward primer
containing the secondary sequence, 9.6 pl of a 100 MM dNTP mix, 30 pl 1x RT
buffer, 2 pl of Maxima H Minus enzyme, 1.5 pl RNaseOUT, and 79.4 pl of
ddH20 (see Note 13).

Incubate the RT reaction at 50°C for 2 hours.

Degrade the RNA using the following alkaline hydrolysis reaction: add 75 pl of
EDTA and 75 pl of 1 M NaOH directly to the RT reaction. Heat at 95°C for 10
min.

Purify the probe by adding the following: 600 ul of oligo binding buffer and 1.2
ml of 100% ethanol to the RT-EDTA-NaOH mix (see Note 14). Vortex briefly,
then purify with the DNA Clean and Concentrator-100 kit using manufacturer
protocol. Elute the probe in 150 pl of ddH20.

Measure the concentration of the probe on a spectrophotometer. Convert the
concentration to pmol/ul by using the formula: [concentration of probe in pmol/
ul] = [concentration of probe in ng/ul] * 3.03 * (1/number of nucleotides).

Harvest cells in normal culture conditions and create a cell suspension (see Note
15).

Place slides in a container that can be closed.
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Seed slides with a ~200 pl aliquot of cells from the suspension (see Note 4).

Carefully move slides to incubator and allow them to settle for 30 min to 4 hours.
Remember to keep them at culture conditions (temperature and humidity).

Make fixative fresh, add to coplin jar.

Quick wash of slides in 1x PBS coplin jar, switch out after every batch (10) of
slides

Transfer slides to fixative and incubate for 10 minutes

Transfer slides to PBS for another quick rinse then either store at 4 °C or proceed
to next steps.

3.4. Sample Permeabilization (see Note 5)

1
2.
3.

Create fresh permeabilization and ethanol mixes and add to coplin jars.
Transfer slide to coplin jar with permeabilization mix and incubate for 15 min.

Quickly rinse slide with 1x PBS, then transfer slide to coplin jar with 70%
ethanol and incubate for 2 min.

Transfer slide to coplin jar with 90% ethanol and incubate for 2 min.
Transfer slide to coplin jar with 100% ethanol and incubate for 2 min.

Transfer slide to coplin jar with 2x SSCT and proceed to next steps (see Note 16)

3.5. Sample Pretreatment

1
2.

Preheat water baths, and allow the coplin jars to reach set temperature.

Transfer slide to 2x SSCT + 50% formamide at room temperature and allow to
incubate for 5 min.

Transfer slide to submerged 92°C coplin jar containing 2x SSCT + formamide
and incubate for 2.5 min.

Transfer slide to submerged 60 °C coplin jar containing 2x SSCT + formamide
and incubate for 20 min.

Prepare the hybridization mix containing probe, formamide, dNTPs, and dextran
sulfate.

After the 20 min incubation, transfer slide to empty coplin jar to dry and allow
slides to come to room temperature for 5 min. Keep slides in this coplin jar until
ready to mount (see Note 17).

3.6. Hybridization of Probe

1

Dry excess buffer from borders of slide with a kimwipe, while avoiding the
sample.
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Add the hybridization mix to a coverslip, then invert slide onto coverslip. The
coverslip will adhere to the slide, and then the slide can be reinverted such that
the coverslip is facing up.

Apply rubber cement to the borders of the coverslip to create a seal between the
coverslip and the slide.

Allow rubber cement to dry completely (~10 min); otherwise, it will bubble up
and hybridization mix will leak out

Place the slide facing up onto 92°C heat block and incubate for 2.5 min (see
Note 7)

Remove the slide and place in a humidified chamber to prevent drying of slides.
We use an old pipette box wherein the slides are placed on top of the rack and
water is placed on the bottom of the box.

Store the humidified chamber in a 37°C incubator overnight for at least 16 hours.

3.7. Post-Primary Hybridization Wash

1
2.

Prepare coplin jars with 2xSSCT in water baths set at 60°C.

Remove slides from chamber and start removing the rubber cement and
coverslips. A razor blade can be used to slip under the coverslip, and gently lift
the coverslip away from the slide.

After removal of the coverslip, transfer the slide to 2xSSCT solution at room
temperature for a quick rinse.

Transfer slide to 2x SSCT solution at 60 °C and incubate for 15 min.

Transfer slide to coplin jar containing 2x SSCT at room temperature and
incubate for 10 min. (see Note 18)

Transfer slide to coplin jar containing 0.2x SSCT at room temperature and
incubate for 10 min.

Transfer slide to coplin jar containing 2x SSCT and prepare for secondary
hybridization.

3.8. Hybridization of Secondary Probe

1
2.

Prepare hybridization mix for secondary probe. (see Note 19)

Remove slide from coplin jar and wipe borders of slide dry, avoiding the sample
area.

Add hybridization mix to coverslip, then invert slide onto coverslip. The
coverslip will adhere to the slide. Reinvert and apply rubber cement to seal.
Allow to dry completely.

Transfer slide to humidified chamber and incubate at room temperature away
from light, for 30 min to 2 hours.
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3.9. Post-Secondary Hybridization Wash

1
2.

Prepare coplin jars with 2xSSCT in water baths set at 60°C.

Take slides out of the chamber and start removing the rubber cement and
coverslips. A razor blade can be used to slip under the coverslip, and gently lift
the coverslip away from the slide.

After removal of the coverslip, place slide in 2xSSCT solution at room
temperature for a quick rinse.

Transfer slide to 2x SSCT solution at 60°C and incubate for 15 min.

Transfer slide to coplin jar containing 2x SSCT at room temperature and
incubate for 10 min (see Note 18)

Transfer slide to coplin jar containing 0.2x SSCT at room temperature and
incubate for 10 min.

Transfer slide to coplin jar containing 2x SSCT and prepare for mounting.

3.10. Mount for imaging

1
2.

4. Notes

Remove slide from coplin jar and wipe borders of slide dry, avoiding the sample.

Add 15 pl of mounting medium to a new coverslip, then invert slide onto the
coverslip. The coverslip will adhere to the slide. Remove excess medium and
seal coverslip to the slide using nail polish.

We use secondary binding sequences that have been previously published [28].

If using a different RNase inhibitor, make sure it can withstand the 50°C reverse
transcriptase step, as some RNAse inhibitors are heat labile.

If the reaction is scaled up or down, the columns can be changed to improve the
workflow. The main consideration when choosing columns is the binding
capacity.

Some samples have difficulty adhering to slides during the settling period. One
alternative is to grow cells directly on the coverslip by placing the coverslips in a
6-well plate, then culturing cells in the well. Fixation and permeabilization can
be done in the well itself. It is preferable to seed the slides or coverslips with
cells prior to fixation since this allows greater control over cell density and
clumpiness, which may impact downstream microscopy analysis. Alternatively,
especially in the case of cells grown in suspension, cytospinning of cells can be
used to attach cells onto slides.

The goal with the permeabilization is to help the probes reach their target by
partially solubilizing the cell and nuclear membranes. As such, different sample
types require different permeabilization protocols [28, 32, 36], or is sometimes
the case with cultured cells, may not require any permeabilization whatsoever. If
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there are no permeabilization methods published in the literature, one can leave
out the permeabilization step as a first run, then add different permeabilization
conditions to see if probe detection improves.

Formamide should be stored at 4°C. Formamide quality is very important for
efficient hybridization, and keeping the formamide at 4°C will help prevent its
degradation for several months.

This water bath is set for both the pre-denaturation and denaturation steps.
Samples can be denatured using lower temperatures and longer times; we have
also successfully tested 80°C at 5 min. Lower temperatures may help with
specific sample types and/or with the preservation of epitopes for detection via
immunofluorescence. Likewise, increased formamide concentrations can be
increased to help with the denaturation of the genome at lower temperatures.

The amount of probe that is needed can vary depending on the sample type and
the probe density. We find that it is good to test a range of amounts, from 50
pmol to 200 pmol. The amount of dNTPs can be varied with the amount of probe
paint to find an acceptable signal-to-noise. Probes to multiple chromosomes can
be added simultaneously as long as probes contain different secondary binding
sites. However, we have found that too much total probe can cause degradation
of overall signal across all probes. The amount of probe that can be added
simultaneously will have to be determined empirically, but as a rule of thumb, we
find that adding more than ~600 pmol of probe can lead to loss of signal.

PVSA is macromolecular crowder, similar to dextran sulfate, that assists in
hybridization [37]. PVSA is not required for hybridization if dextran sulfate is
used, but it can improve the signal-to-noise detection of FISH signals.

We find that dNTPs also improves hybridization, similar to reported uses of
salmon sperm DNA and other carriers. We prefer dNTPs over other carriers to
avoid signal when using DAPI to stain DNA.

In order to reduce background and improve signal to noise, hybridization
temperature above 37°C can be used. Please keep in mind the Tm of the probe
sequences to determine the maximum temperature that can be used to avoid loss
of probe binding.

We routinely use a second PCR step to produce more material for RNA
synthesis, but this is not necessary. The initial PCR step can be used for T7
reaction as long as the forward and reverse primers containing the secondary
binding site and T7 site, respectively, are used.

Fluorophore-labeled primers can also be used to create probes with conjugated
dyes. We have observed increased background signal using these types of probes,
and instead opt for an unlabeled primary/labeled secondary probe strategy. Also,
if labeled primers are used, a different RNA degradation step may be required
since alkaline hydrolysis can lead to loss of the fluorophore.
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Drosophila Mouse Human

Chromosome 2R, 3R Chr14, Chr9 Chr19

Total Probe 26795, 46531 84361, 67620 93664

Density (probes/kb) 1.28,1.67 0.69,0.54 1.60
Fig. 1.

Representative images from a single z-slice of chromosome territories in Drosophila (Kc167
cells), mouse (3T3 cells), and human (HCT-116 cells) interphase nuclei. Chromosome
target, total probe count, and average density of probe labeling across each chromosome are
given. Scale bar, 5 um.
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Fig. 2.

Design, production, and detection of Oligopaints. A Probe sequences with homology to
specific genomic regions are flanked with a pair of indices. For chromosome paints, an
additional pair of “universal” indices are used across all probe sequences. B The unique
indices allow the same oligo pool to be used for the creation of multiple Oligopaints.
Primers to the universal indices (red) amplify the entire pool, and the nested primers (blue
and green) amplify subsets of the pool, leading to the generation of chromosome- and
region-specific Oligopaints, respectively. The primers contain extra “overhang” sequences,
usually the secondary binding site and T7 primer sequence, which are incorporated into the
probe PCR product. C Unlabeled primary probes hybridized to their genomic target can be
detected using labeled secondary probes. With the proper probe design, simultaneous
detection of the chromosome- and region-specific probes can be accomplished using two
different secondary probes (red and blue, respectively).
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