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Spectral imaging to visualize higher-order genomic organization
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ABSTRACT

A concern in the field of genomics is the proper interpretation of large, high-throughput sequencing
datasets. The use of DNA FISH followed by high-content microscopy is a valuable tool for validation
and contextualization of frequently occurring gene pairing events at the single-cell level identified
by deep sequencing. However, these techniques possess certain limitations. Firstly, they do not
permit the study of colocalization of many gene loci simultaneously. Secondly, the direct
assessment of the relative position of many clustered gene loci within their respective chromosome
territories is impossible. Thus, methods are required to advance the study of higher-order nuclear
and cellular organization. Here, we describe a multiplexed DNA FISH technique combined with
indirect immunofluorescence to study the relative position of 6 distinct genomic or cellular
structures. This can be achieved in a single hybridization step using spectral imaging during image
acquisition and linear unmixing. Here, we detail the use of this method to quantify gene pairing
between highly expressed spliceosomal genes and compare these data to randomly positioned
in silico simulated gene clusters. This is a potentially universally applicable approach for the
validation of 3C-based technologies, deep imaging of spatial organization within the nucleus and
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global cellular organization.

Introduction

The cell nucleus is a highly ordered but non-homoge-
neous stochastic organelle. Within its boundaries reside
extensive genetic information, transcribed RNA and
dynamic protein complexes that function in unison to
coordinate essential nuclear processes, such as DNA
replication, DNA repair, gene transcription, RNA proc-
essing, and mRNA transport. These complexes are the
basis for a number of interwoven but structurally
defined sub-nuclear compartments. These include
chromosomes, which are contained within distinct
chromosome territories (CTs)," as well as protein- and
RNA-based structures that lack defining membranes,
known as nuclear bodies (NBs).> Examples of well-
studied NBs include the nucleolus, Cajal bodies (CBs),?
histone locus bodies,* PML nuclear bodies,” nuclear
speckles,® paraspeckles,” transcription factories,® the
perinucleolar compartment,” nuclear stress bodies,'’
and numerous other “orphan” NBs."' These structures
occupy a substantial volume of the cell nucleus and
require further functional characterization. Interest in

the cooperation between NB function and genome
organization began in the 1990s. Early efforts at charac-
terizing various NB-genome interfaces, including iden-
tification of splicecosome U snRNA genes as regions
that frequently associate with the CB,*'>'* hinted at
the possibility of wider genomic organization by NBs.
However, these early studies, although vital for the field,
were limited by the single number of genes that could
be visualized simultaneously and the lack of suitable
genome-wide mapping tools.

Fortunately, tremendous effort has been directed into
contextualizing the data and technologies that originated
from the Human Genome Project. This includes the char-
acterization of epigenetic marks but also the higher-order
organization of the genome in the 3D space within the cell
nucleus. Indeed, since the development of chromosome
conformation capture (3C)," a wave of sequencing-based
reports that indicate the 3D organization of the human
genome have been published.'® This has culminated in the
identification of highly ordered linear units of chromatin
by Hi-C,"” called Topologically-Associated Domains
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(TADs)."® Improvements in mass data storage and analyt-
ical technologies will improve our understanding of this
biologically essential topological phenomenon. Intrigu-
ingly, several sequencing-based studies have recently indi-
cated that NBs assemble as a direct consequence of
specific gene expression activity and form characteristic
long-lived contact interactions with a defined cohort of
genomic lociand CTs."”!

Nonetheless, the limitations of these population-
based studies using millions of mostly asynchro-
nous cells are becoming apparent. Despite indica-
tions that genomic domains are known to form
and maintain numerous spatial associations with
both near (kBp) and distant (MBp) genomic loca-
tions,”> it is unknown how many physical gene
pairing events occur simultaneously. Furthermore,
due to data acquisition sensitivity and bioinfor-
matic normalization, Hi-C gene pairing events are
limited to ~3.5 MBp linear distances®> and many
low frequency but biologically relevant contact
events may be excluded from genome-wide contact
maps.

The genomic visualization technique DNA Fluo-
rescent In Situ Hybridization (FISH) is often used
to validate these sequencing-based data sets and
has undergone substantial developments to expand
the number of distinguishable visualization targets
in a single FISH experiment. For example, 3 meth-
ods have been implemented using multicolor
probes to karyotype the chromosomes present in a
single cell. The first, multiplex FISH (M-FISH) uses
fluorophore-specific narrow band pass optical filters
for imaging of each fluorescent dye.**** Data are
analyzed by M-FISH software which classifies each
chromosome based on the combination of colocal-
ized fluorescent signals. The second method is
spectral karyotyping (SKY) which uses interferome-
try. In this approach, chromosome-specific libraries
are labeled with 5 different fluorophores or differ-
ent combinations of these flourophores. During
imaging, the emitted light is passed through an
interferometer which creates a fluorophore-specific
difference in optical path with unique spectral
characteristics. Spectral combinatorial karyotyping
of 24 human chromosomes is classified by the soft-
ware which analyzes spectral emission data.”® The
third, recently published, method uses spectral
imaging and linear unmixing with 4 distinct fluoro-
phores and combinatorial color code to distinguish

all human and mouse chromosomes.”” All these
karyotyping methods depend on highly reproduc-
ible labeling which might be a problem in highly
variable large probe sets. However, karyotyping
DNA FISH also can be applied to visualize CTs in
the interphase nucleus. Additionally, combinations
of fluorophores have allowed the co-visualization of
up to 11 mRNA transcripts.”® However, this
approach still only used 4 distinct fluorophores and
required pseudocoloring of colocalized combinato-
rial fluorescent foci. Imaging of more fluorophores,
as described here, combined with pseudocoloring
could allow even greater numbers of genes to be
co-visualized.

Typically, however, the DNA FISH approach for
detecting gene loci in the interphase nucleus ena-
bles the simultaneous imaging and assessment of
up to 4 gene loci (3 if you include the visualization
of the entire nucleus by DAPI staining in your pro-
tocol). Great strides have been made in the realm
of high-content DNA FISH microscopy approaches
(hiFISH), which utilize automated image acquisi-
tion and analysis tools to interrogate DNA probe
libraries.”"*>*° Potentially, this approach can accu-
rately quantify gene pairing events that occur
across larger linear genomic distances and between
chromosomes at high-resolution but current high-
content microscopy experiments are still limited to
only 4 distinct fluorophores for visualization (one
of which must be dedicated to a nuclear stain for
automated image analysis). Therefore,
methods are inadequate for the co-visualization of

current

multiple genes in conjunction with co-detection of
chromosome territories, sub-nuclear structures and/
or distinct epigenetic marks.

To overcome the problems associated with char-
acterizing the genomic context in which NBs, and
other nuclear structures and compartments, reside,
we have developed a novel multi-color DNA FISH/
immunofluorescence (DNA FISH/IF) visualization
approach. We have implemented this method,
which we have named spectraFISH, for the study of
5 distinct genes or CTs with the CB, a major NB
31-33 and

found frequently in cancer cells.”’ This nuclear

involved in spliceosomal snRNP biogenesis

structure actively coordinates’ a network of gene
pairing interactions with major and minor spliceo-
some U snRNA genes,'””'** and other highly

active intron-encoded U snoRNA/scaRNA
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Table 1. Potential validation strategies for genomic data sets using spectraFISH.

Genomic Dataset Probe Selection Strategy

Potential Target Validation Refs.

Hi-C High interaction frequency with
shared gene loci
4C-seq High interaction frequency
Loss of interaction upon NB disassembly
hiFISH Known direct interaction with

NBs or genes

NB-centric deep sequencing Specific co-localization with structure
assays (e.g. Immuno-TRAP)
ChlP-seq / DamID Shared NB/compartment marker protein or

transcription factor binding sites

3D topology of TADs or whole chromosomes 1839

and relation to nuclear structures
Frequency of long-range gene interaction
between >2 genes/structures
Frequency of long-range gene interaction
between >2 genes/structures
Higher-order gene interaction with target
nuclear structure
Gene position within CTs or relative to NBs/
transcription factories

15,21

21,29,40

19,20

33,41

genes,”*® but also histone gene clusters (e.g.

HIST1) via the physically-associated histone locus
body.>”*

Additionally, there is a diverse range of available
sequencing and high-content imaging data which are
also suitable for higher-order microscopic validation
using spectraFISH (summarized in Table 1). In the
data presented below, we have visualized the genomic
context where CBs are localized and the frequency of
association between these CB-dependent genes are
clustered. We achieved this by selecting genes of inter-
est from a circular chromosome conformation capture
(4C)-seq dataset®! (using the RNUI gene as a bait
region) and co-visualized with up to 5 of these genes
(or 4 CTs) with the CB marker protein, coilin. Alter-
natively, spectraFISH could also be modified to assess
colocalization of DNA FISH foci with NBs or other
nuclear structures.

SpectraFISH is built upon ongoing progress in
direct fluorescent labeling of DNA probes and
microscopic multicolor innovations that allow the
generation and imaging of biological samples
labeled with increasing numbers of distinct fluoro-
phores. Here, we fully describe this technique
which allows researchers to assess, validate and
challenge phenomena from large genomic data sets
which are typically difficult to co-visualize on a sin-
gle-cell and single-allele level. We detail how to
select suitable fluorescent dyes for DNA probe pro-
duction, perform in situ hybridization and acquire
multichannel images using spectral imaging and
linear unmixing (summarized in Fig. 1). We also
provide an example of the technique by examining
the clustering of spliceosomal U snRNA genes,
including a comparison to random theoretical gene
associations, and include some suggestions for
additional analyses.

Protocol
Materials

Absolute Ethanol (Molecular biology grade)
Bacterial artificial chromosomes (BACs), oligopaint
probes, chromosome paints or other DNA probes for
visualization of genomic loci [See: Troubleshooting]
Coilin antibody (Rabbit) (Cat no.sc-32860, Santa Cruz
Biotechnology) [Note: For detection of CBs]
Cultured Cells, such as human adherent HeLa cervical
carcinoma or Detroit 551 skin fibroblast cells
Dextran Sulfate 50% solution (Cat no. S4030, EMD
Millipore)
Dry ice
DyLight 405 nm Donkey anti-rabbit IgG (Cat no. 711-
475-152, Jackson Immunoresearch)
Fluorescently labeled nucleotides
Green: 488 nm dUTP (Cat no. 02N32-050, Abbott
Laboratories)
Orange: 552 nm Amersham CyDye Cy3 dUTP (Cat
no. PA53022, GE Healthcare)
Deep-red: 594 nm CF594-dUTP (Cat no. 40006,
Biotium)
Far-red: 640 nm Amersham CyDye Cy5 dUTP (Cat
no. PA55022, GE Healthcare)
Near-infrared: 680 nm CF680R-dUTP (Cat no.
40003, Biotium)
Formamide (deionized) (Cat no. F9037, Sigma)
Human COT DNA (Cat no. 11581074001, Roche)
Hydrochloric acid
Nick Translation kit from commercial sources (e.g.,
Roche, Sigma, GE Healthcare, ThermoFisher etc.) or
non-commercially-sourced protocols (e.g. Meaburn
(2010)*%)
Nuclease-free water (Cat no. AM9932, Ambion)
Paraformaldehyde (PFA, 4% final concentration) (Cat
no. 15710, Electron Microscopy Sciences)
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Identification of suitable fluorescent probes

Labelling of DNA FISH probes with fluorescent dNTPs
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Figure 1. Overview of the SpectraFISH method.

Phosphate Buffered Saline (PBS)

ProLong antifade mounting reagent without DAPI
(Cat no. P36930, ThermoFisher)

Rubber Cement

Sodium Acetate (3M pH 5.2) (Cat no. 351-035-721),
Quality Biological)

SSC (Saline Sodium Citrate) (Cat no. BF-170-1000,
Baltimore Bioworks)

Triton X-100 (Cat no. T8787, Sigma)

Tween-20 (Cat no. P2287, Sigma)

Yeast tRNA (10 mg/ml) (Cat no. AM7119, Sigma)

Equipment

Boekel Scientific Slide Moat Incubator (ThermoFisher)
Centrifuge (Capable of cooling to +4°C)

Coplin jars

Cover slips (0.13 to 0.17 mm thick)

Microscopic slides (1 mm thick)

Water bath

Zeiss laser-scanning confocal microscopes LSM710
and LSM780 (Carl Zeiss Microimaging, Jena, Ger-
many) equipped with 405 nm Diode laser, Argon/2



(458, 488, 514 nm), 561 nm Diode laser, 594 nm
Diode laser, 633 nm HeNe laser (or equivalent)

Zeiss Zen Black 2012 edition Imaging Software (or
equivalent)

Instructions
1. Production of fluorescently labeled DNA probes

1.1. Fluorescent probe selection

Fluorescent probes should be selected that possess dis-
tinguishable emission spectra and minimal spectral
overlap. However, these emission profiles can often
share the same spectral region. Researchers should pre-
view these spectra and assess their suitability using a
number of web-based tools, including the Thermo-
Fisher SpectraViewer (https://www.thermofisher.com/
us/en/home/life-science/cell-analysis/labeling-chemis
try/fluorescence-spectraviewer.html), Chroma Spectra
Viewer (https://www.chroma.com/spectra-viewer) and
the Biolegend Fluorescence Spectra Analyzer (http://
www.biolegend.com/spectraanalyzer). The distinct,
desirable and relatively narrow theoretical emission
spectra for the 6 fluorescent markers used in develop-
ing this technique are shown in Figure 1 and listed in
Materials. Users should examine the amplitude and
crosstalk between fluorophores of interest using these
online tools by viewing the theoretical emission spectra
produced after selecting the laser wavelengths that
most closely replicate those integrated into their confo-
cal microscope system. Other alternative fluorophore
combinations with similar emission spectra character-
istics that can be used are: Alexa Fluor 405, 488, 555,
594, 635 and 680 (ThermoFisher), or highly photosta-
ble dyes from ATTO-TEC (Jena Bioscience GmbH):
ATTO-425, ATTO-488, ATTO-550, ATTO-5%94,
ATTO-635 and ATTO-680. Other combinations of
dyes from several sources can be used: Pacific Blue,
FITC, Cy3, Texas Red, Alexa Fluor 635 and Alexa Fluor
680. Users must ensure that the fluorophores selected
can a) be excited using the laser lines available on their
confocal microscope, and, b) the confocal microscope
to be used for imaging must have an adequate number
and range of detectors to acquire an image with 6 chan-
nels. Additionally, users must ensure that the imaging
software provided by the microscope manufacturer is
capable of performing spectral imaging (the freely-
Image] (NIH,
Bethesda, MD) can also perform linear unmixing).

available, open-source software
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1.2 In accordance with previous protocols,*” perform
nick translation of BACs that target distinct geno-
mic loci using the fluorescently tagged dUTPs
identified in Sections 1.1 and 1.2. [Note: From this
point onwards the exposure of the probes to light,
whether free or hybridized to cellular DNA, should
be limited]

1.3 After the nick translation reaction has stopped, use
probes immediately (while maintaining the labeled
probes on ice and in the dark) or store in the dark
at —20°C.

2. DNA and/or CT FISH

Note: Perform all wash steps in Coplin jars or other
appropriate vessels. All wash steps in this protocol
should be performed at room temperature unless
stated otherwise.

2.1 Wash cells grown on 12 mm glass circle cover-
slips with PBS and fix with 4% PFA in PBS for
10 min.

2.2 After washing with PBS, permeabilize cells
using 0.5% Triton X-100 in PBS for 20 min on
ice and wash with PBS. [Note: performing this
step on ice improves the visualization of CBs
by limiting disassembly of the structure.]

2.3 Incubate cells in 0.1N HCI for 15 min and wash
2 times in 2xSSC for 10 min.

2.4 Equilibrate cells in 50% formamide / 2xSSC for
at least 30 min.

2.5 For one 12 mm round coverslip, combine
150 ng of DNA or CT FISH probe for each
fluorescent dye and precipitate with 3 ug Cot-1
DNA and 1 g yeast tRNA in 2 volumes of ice-
cold absolute ethanol. Include 1/10 volume of
3 M sodium acetate and incubate on dry ice or
in deep freezer (—80°C) for at least 15 min.

2.6 Centrifuge precipitation mixture for 30 min at
>12,000 rpg at 4°C and then use a lyophilizer
to remove ethanol from the pellet of probe mix.

2.7 Resuspend the semidry DNA pellet in 7 pul of
hybridization solution (10% dextran sulfate /
50% formamide pH 7.0 / 2xSSC / 1% Tween-
20). Incubate at 37°C to aid DNA pellet
resuspension.

2.8 Denature the cocktail at 85°C for 5 min and
place briefly on ice.


https://www.thermofisher.com/us/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-spectraviewer.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-spectraviewer.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-spectraviewer.html
https://www.chroma.com/spectra-viewer
http://www.biolegend.com/spectraanalyzer
http://www.biolegend.com/spectraanalyzer
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2.9 Add probe cocktail to cells, seal with rubber
cement and incubate at 85°C for 5 min using a
Slide Moat incubator.

2.10 Hybridize at 37°C in a humidified chamber
containing absorbent paper soaked in 2xSSC
overnight (DNA FISH) or for 72 h (CT FISH)

2.11 After hybridization, prepare Coplin jars con-
taining 50% formamide/2xSSC at 45°C (Buffer
A), 1xSSC at 60°C (Buffer B) and PBS (Buffer
Q).

2.12 Wash cells 3 times in Buffer A for 5 min, fol-
lowed by 3 times in Buffer B for 5 min and
finally 3 times in Buffer C for 5 min.

3. Immunofluorescent detection of nuclear bodies

3.1 Incubate cells with rabbit polyclonal antibody
against coilin (or other NB-specific marker
protein) for 1 h.

3.2 Wash cells 3 times with PBS.

3.3 Incubate cells with donkey anti-rabbit second-
ary antibody conjugated to CF 405 S dye (or
another species-appropriate secondary anti-
body conjugated to a fluorophore that absorbs
at 405 nm) for 1 h.

3.4 Wash cells 3 times with PBS.

3.5 Mount cells with ProLong antifade mounting
reagent without DAPI (ThermoFisher) [Note:
The exclusion of DAPI from the mounting
medium at this step is crucial. Otherwise, visu-
alization of NBs is completely abolished.]

4. Generation of spectraFISH images and analysis

The imaging technique known as spectral imaging,
coupled with subsequent image processing using lin-
ear unmixing, is used to separate mixed fluorescent
emission signals in samples and clearly resolve the
spatial contribution of each fluorophore (often
referred to as Emission Fingerprinting) to each pixel
of the image.*’

4.1. Acquisition of reference spectra

Each pixel in the raw image must be assigned to the
appropriate channel depending on its fluorescent
composition. To achieve this, a reference spectrum is
generated for each fluorophore. Cells, maintained
under the same experimental conditions, are labeled
with each fluorophore individually and imaged using
identical microscopy settings. These are then used for

efficient separation of mixed/overlapping emission
profiles in the final spectraFISH image (which con-
tains all 6 fluorophores) in Section 4.2. Each individu-
ally-labeled specimen is visualized by spectral imaging
with illumination of all excitation wavelengths simul-
taneously using the same objective and consistent
detector settings. Next, using appropriate microscopy
software (e.g., Zeiss Zen Black) a region of interest
(ROI) for a specific DNA FISH signal is drawn. The
average intensity over all pixels in the ROI generates a
reference spectrum that is recorded in a spectral data-
base. In addition, the ROI of the background outside
of cells is recorded to a database for background cor-
rection. Recorded individual reference spectra signa-
tures may be repeatedly reused in various samples
under same experimental and visualization settings.

4.2. Spectral imaging and unmixing into separate
channels

Using the laser scanning confocal microscopes Zeiss
LSM710 and 780 coupled with a spectral imaging 34-
channel QUASAR detection unit, the entire spectrum
of fluorophores used in a sample is illuminated and
recorded (63 x 1.40 NA objective using z-sectioning (z
= 250—300 nm)). However, in theory, this approach
can be performed using any laser scanning confocal
microscope capable of simultaneous spectral imaging.
Z-stacked 6-color DNA/CT FISH raw spectral imag-
ing datasets have the background noise subtracted and
are linearly unmixed using Zen software with our
recorded spectra database (acquired in Section 4.1) to
separate individual fluorescent emission signals.
Appropriate channels are then assigned for each fluo-
rophore and the channels are combined to produce a
multicolor image. Initially, many foci are not detect-
able in a raw acquired image (Fig. 1, Step 3), although
nuclei with some gene loci can clearly be visualized to
allow accurate adjustment of the field of view for
imaging and z-stacking. Spectral tracking and linear
unmixing generates the desired 6-color DNA or CT
spectraFISH multi-channel images in which each
channel contains the fluorescent signal from a single
fluorophore. These images can be analyzed as maxi-
mum intensity projections or as 3D renderings using
software, such as Zeiss Zen or Imaris (Bitplane),
respectively (Section 6).



5. Troubleshooting

1)

2)

3)

4)

5)

6)

The BACs and chromosome painting probes
used in this protocol were purchased from BAC-
PAC (https://bacpac.chori.org/) and ID Labs
Inc. (http://www.idlabs.com) respectively. This
technique is also amenable to the use of plas-
mids, Oligopaint-derived probe libraries** and
high-throughput oligo synthesis strategies.”> We
strongly recommend that researchers confirm
the specificity of their probes using PCR, meta-
phase spreads and localization in diploid cells
and prior to usage in this protocol. Only probes
that show strong and specific signals should be
selected for use in SpectraFISH.

To maximize target gene visualization, 6 DNA
FISH probes, rather than 5, can be used if an
appropriate dUTP is selected (e.g. y = 405 nm).
Due to commercially-available fluorophore-
labeled CTs, we were only capable to co-visual-
ize 4 CTs (plus 1 gene loci of interest and CB
detection). Visualization of more CTs is now
possible as 5 complementary CT probes (with
absorption peaks at 415 nm, 495 nm, 556 nm,
616 nm and 647 nm) have become commer-
cially available.

Although the spatial resolution of the technique
is limited by the laser scanning confocal micro-
scope used, we have successfully imaged and
distinguished between gene loci using BAC
probes that are separated by 2 Mbp (SNORD112
and DABI, both on human chromosome 1)
using a 63x 1.4NA objective.”!

We do not recommend the inclusion of a block-
ing step prior to immunodetection of NBs but
this may be necessary depending on the level of
off-target binding displayed by the primary anti-
body selected for IF.

CB staining was achieved by antibody staining
following DNA FISH. Certain nuclear targets
may benefit from performing IF first, followed
by a second round of fixation prior to DNA
FISH.

To maximize the number of structures/loci
detected, we omitted the use of DAPI. For man-
ual-scoring applications, we have found the
nuclear periphery visualized through DNA or
CT FISH background staining (DNA FISH) to
be sufficient to distinguish between neighboring
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cells (Figs. 2 and 3). For high-content automated
imaging applications, users may consider the
inclusion of DAPI staining to simplify analysis
by automated nuclear detection segmentation
programs prior to DNA FISH foci detection.

7) It is imperative that all spectra are correctly
defined for optimal linear unmixing to permit
the clear separation of fluorescence signals. This
includes consideration of sample autofluores-
cence, particularly a problem with clinical tissue
samples, as well as proper spectral annotation to
avoid probe mis-assignment. However, some
crosstalk between channels is occasionally
observed because some fluorophores are signifi-
cantly brighter than others. Typically, this can
be avoided by adjusting the brightness of the
affected channels with different probe concen-
trations. If the problem persists, bleed-through
regions are easily identifiable in the maximum
intensity projection overlay image.

6.1. Implementation of spectraFISH

6.1.1. Example 2D analysis

Here, for the first time, we report the inter-chromo-
somal clustering frequency of 4 of the major spliceo-
some U snRNA genes (RNUI, RNU2, RNU4, RNU5)
and the most abundant nucleolar snRNA, SNORD3A
(U3 snoRNA). These genes are all located on different
chromosomes, aside from RNU2 and SNORD3A,
which are both located on chromosome 17. Gene pair-
ing events were simultaneously quantified from the
same HeLa and primary Detroit 551 fibroblast cells,
rather than separate microscopy slides (Fig. 2a-c).
This represents an unbiased investigation of single
and higher-order gene pairing complexes (Fig. 3a).
Gene pairing events occur infrequently in primary
diploid cells (“Two genes,” Fig. 3b) and are more fre-
quent in HeLa cells, which is likely to be a result of
aneuploidy and the high proliferative status of cancer
cells (Fig. 3c). Simultaneous colocalization of 3 or
more genes was a rarer event but was still more fre-
quently observed in aneuploid HeLa cells than in dip-
loid fibroblast cells (8.17+1.22% vs. 1.9440.30%,
pooled average). These data indicate that, although
infrequent, higher-order interchromosomal gene clus-
tering events do occur in cell culture models. Induc-
tion of CB disassembly by TCAB1 knockdown (an
obligate CB component) by siRNA results in CB
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Figure 2. Visualization of 6 distinct nuclear structures using SpectraFISH. (A) Chromosomal positions of BAC probes detecting spliceo-
some U sn/snoRNA gene loci used in this study, (B, C) SpectraFISH microscopy single pseudochannel images in normal diploid (Detroit
551, B) and aneuploid (HeLa, C) nuclei (arrows indicate CB-gene/CT colocalization).

depletion and redistribution of coilin, the CB struc-
tural component and marker protein, into nucleoli*®
(Fig. 3d-e). In this scenario, CB disassembly coincides
with a reduction in both inter- and intrachromosomal
gene clusters between 3 or more spliceosome U
snRNA genes (Fig. 3f). The observed frequency of
association between 4 genes was very low, even in
HeLa cells (<1.5%, pooled average) and no clusters
that contained all 5 genes were recorded. However,
quantification in HeLa cells indicated that these
higher-order gene clustering events which occur in
the near-proximity of a CB are present in 5-10% of
cells (Fig. 3g-h).

To contextualize our data, we sought to estimate
the rate of gene clustering if the positioning of these
gene loci was completely random. Published methods
to estimate random gene pairing do not allow users to
cluster many gene loci, limit the analysis to within a
single CT or require biophysical modeling parame-
ters.””*® Therefore, to predict the observed frequency
of random gene associations when using SpectraFISH,

we developed a simple computational approach. Ini-
tially, we calculated the average nuclear area for each
condition based on our microscopy images, as well as
the average DNA FISH spot area. Using these data, we
then simplified the cell nucleus into a number of
gene-pairing “bins” (Fig. 4a and Supplementary
Table 1). The total number of bins was dependent on
whether the frequency of 2, 3, 4 or 5 gene loci clus-
tered in close proximity to one another was to be esti-
mated (bin number for each calculation is
summarized in Supplementary Table 1). Thus, the
number of bins when estimating the frequency of 2
genes clustering is higher than when comparing 5
genes. Using these simplified scenarios, in which any
gene can be assumed to occupy any 2D nuclear posi-
tion, each bin was assigned a different number and
random bin coordinates were generated in silico for
each gene (2 alleles per gene in diploid Detroit 551
cells and 3 to 4 alleles per gene in aneuploid HeLa
cells). Clustering was considered to occur when the

same bin number was shared by several gene loci. The
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Figure 3. Higher-order gene pairing analysis using SpectraFISH in diploid and aneuploid cells. (A) Quantitation strategy for colocalized
genes, (B) Gene co-localization frequency (%, normalized to total number of alleles scored) for non-clustered alleles (“None,” blue), pairs
of U snRNA and snoRNA genes (“Two,” green) and higher-order complexes (“Three,” red; “Four,” magenta) in Detroit 551 cells, and,
(C) Hela cells, (D) Schematic depicting effect of TCAB1 depletion by siRNA (siTCAB1, 60 h) upon CB integrity and coilin distribution in
Hela cells, (E) SpectraFISH microscopy single pseudochannel images in HelLa nuclei following TCAB1 siRNA treatment, (F) Gene co-local-
ization frequency (%) for pairs of U snRNA and snoRNA genes in Hela cells following TCAB siRNA treatment, (G) Quantitation strategy
for CB-proximal gene clustering in Hela cells, (H) Frequency (%) of 2, 3, 4 or 5 genes clustering proximal to a CB, normalized to total
cell number. N = 2 biological replicates, Average number of alleles scored per cell: HeLa — RNUT: 3.02, RNU2: 2.94, SNORD3A: 3.09,
RNU4: 3.89, RNUS5: 3.08; Detroit 551 fibroblasts — Only cells containing 2 alleles of each gene were scored. White scale bar = 5 um,

nucleus false annotated by yellow dashed oval.

random gene association frequency was normalized to
the total number of simulated alleles (2 x 10” in dip-
loid Detroit 551 cells).

Intuitively, random gene clustering was higher in
HeLa cells than Detroit 551 cells, due to aneuploidy,
and the frequency of stochastic gene pairings
decreased as additional genes were added to the
clustering area for both cell types (Fig. 4b). We
observed a more similar association frequency
(inter-chromosomal clustering) between the simu-
lated 2 gene clustering scenarios and Detroit 551
cells compared to HeLa cells (1.95% of alleles vs
6.72% and 3.67% vs. 19.1%, respectively). The most
striking difference between the predicted and
observed association frequencies was displayed by 3
and 4 clustered loci in HeLa cells (5.03% vs. 0.12%
and 1.2% vs. 0.0003%, respectively). The predicted
association frequency for 5 clustered genes located
on different chromosomes was <0.00001% in both
HeLa and Detroit 551 cells. Accordingly, no clusters

that possessed 5 genes were observed when

manually scoring microscopy images. Disassembly
of CBs by depletion of TCAB1 by siRNA in HelLa
cells decreased the frequency of all gene pairing
events. However, 2 gene pairing remained compara-
tively high, whereas clustering between 3 or 4 genes
was decreased and more similar to the expected
association frequency. We also compared the associ-
ation of 5 independent protein-encoding genes
located on different chromosomes (Fig. 4c) and
found a closer association between the predicted
stochastic 2 gene association rate and the observed
association rate, event when compensating for aneu-
ploidy (9.67% vs. 4.24%). Very few instances of 3
genes or more clustering were observed in this sce-
nario. For comparison, predicted simulated random
gene clustering normalized on a per-cell basis is
provided in Supplementary Figure 1.

We observed an increased pairing frequency for
RNU2 and SNORD3A in both HeLa and Detroit 551
cells (Fig. 3b—c, f). These genes are located on oppo-
site arms of chromosome 17, which we believe to be
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responsible for this phenomenon. Therefore, we
queried whether this higher association frequency
was solely driven by the increased random chance
of these 2 genes clustering, as a product of their lim-
ited nuclear positioning compared to the other
genes assessed, or if other factors were involved. We

repeated the same computational process as detailed
above, but limited the simulated clustering region to
the physical area accessed by CT17 genes in each
cell type and only assessed clustering between 2
genes (Fig. 4d-e). Here, we observed a stronger
agreement between the expected random association

d
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Figure 4. (For figure legend, see next page).




within CT17 and the observed data in both Detroit
551 cells (11.1% vs. 17.9%), and in HeLa cells
(14.3% vs. 20.8%).

6.1.2. Example 2D analysis - conclusions

Here, we describe a number of higher-order gene clus-
ters that are formed between spliceosomal U sn/
snoRNA genes. Without analysis of higher-order
nuclear organization using spectraFISH microscopy,
these multi-gene clusters may otherwise be missed or
misestimated by conventional analyses. Further inves-
tigation is required to characterize the biological sig-
nificance of these particular topological genomic
conformations. This may include more efficient and
expedited biogenesis of spliceosome U snRNPs by
consolidating transcription, co-transcriptional 3'-end
processing and initial assembly for multiple snRNPs
in a central location around the CB in HelLa cells,
where transcriptional demands are higher than in
non-transformed, slower proliferating cells.

The discrepancy between the expected 2 gene associ-
ation frequencies and the observed in silico predictions
is possibly related to the transcriptional activity of these
genes. All 5 are highly transcribed genes and are likely
to be retained in active chromatin domains at the
periphery of their respective chromosome territories.
This may decrease the nuclear area that they can
occupy and decrease the number of bins used in our
in silico clustering predictions. Hence, the co-localiza-
tion of protein-encoding genes that are not functionally
related and display lower transcriptional activity (and
are free of CB-dependent 4C-seq contact regions™')
associate less frequently in comparison. These observa-
tions support the view CBs maintain higher-order gene
clustering events by retaining these target genes in
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non-random nuclear positions and therefore increase
their association frequency in HeLa cells. CBs have
been suggested to augment the transcriptional activity
of these genes, perhaps by providing an optimized plat-
form for their expression and co-transcriptional 3-end
RNA processing, which coincides with increased asso-
ciation between these genes. When this gene clustering
platform is absent, such as in diploid cells or following
CB disassembly, there is a greater similarity between
the predicted and observed association frequencies,
which may indicate that these genes can occupy more
nuclear positions or possess a more constrained topo-
logical arrangement.

These data may also imply that when 2 genes are on
the same chromatin fiber, e.g., within smaller regions
such as chromosome 17, stochasticity is a stronger
determinant for gene pairing than other factors, such
as chromatin state or transcriptional activity. Further
work will be required to assess whether this trend is
true for all chromosomes and to identify similarities
or differences between gene-rich and gene-poor chro-
mosomes. Additionally, the contribution of transcrip-
tional activity, chromatin status, and other factors,
including nuclear body proximity, to gene associations
should be assessed.

6.2. Other potential image analysis strategies

Analysis of 2D maximally-projected spectraFISH
images is a potentially useful tool in furthering our
understanding of genomic organization. However, it
does possess certain limitations. Primarily, collapsing
a 3D structure (the cell nucleus) into a flat 2D image
is likely to result in loss of cellular context and increase
the chance of observing false-positive gene pairing

Figure 4. (see previous page) Computational approach to predicting higher-order random gene clustering events. (A) Predicted random
inter-chromosomal gene pairing strategy. Nuclei were simplified into a defined number of regions (bins), dependent on the size of the
nucleus and number of genes co-visualized. Nuclear and DNA FISH spot areas were quantified using LSM Image Browser. Detroit 551:
10 columns, assigned to 5 genes with 2 alleles each, and Hela: 16 columns, assigned to 5 genes with 3 alleles (1 gene = 4 alleles to rep-
licate the in vivo situation) each; 1x10” rows; Bin number range: randomly-generated integers between 1 and n, where
n = Nucleus area divided by 2, 3, 4, or 5 * DNA FISH spot area, depending on the number of clustering genes to estimate. Tables were
populated with randomly-assigned bin numbers (as a proxy for nuclear coordinates) using RStudio. Clustering was considered to have
occurred when exactly 2, 3, 4 or 5 alleles from different genes shared the same bin number, (B) Frequency of 2, 3 and 4 U sn/snoRNA
genes predicted to stochastically cluster (blue) in Detroit 551, HeLa and Hela siTCAB1 cells compared to observed and non-CT17 aver-
age clustering frequencies (black), (C) Frequency of 2 or 3 unrelated genomic loci predicted to stochastically cluster (blue) in Hela cells
compared to observed and average clustering frequencies (black). Simulated association frequency was adjusted to compensate for
additional alleles of PRKCA and RABGAPIL (5 and 4, respectively) (D) Predicted, random intra-chromosomal gene associations simulation
strategy. The area of CT17 was quantified using LSM Image Browser to estimate the association between RNU2 and SNORD3A. Detroit
551 and Hela: 2 columns, assigned to 2 genes with 1 allele each; 1x 107 rows; Bin number range: randomly-generated integers between
1 and n, where n = Individual CT17 area divided by 2*DNA FISH spot area, (E) Predicted in silico association frequency between RNU2
and SNORD3A (blue) in Detroit 551, HeLa (brown) and Hela siTCAB1 cells (light brown).
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events. Fortunately, there is a growing appreciation for

49,50 and

analysis of cellular organization in 3D space
the strengths of this technique are likely to beneficial
for 3D analysis.”" Linear unmixing yields a very high
signal-to-noise ratio, which should improve proximity
analysis by reducing non-specific foci. Additionally,
the inclusion of 6 intermingling genomic regions or
cellular structures will result in a visually-striking and
informative image. Analyses performed using 2D and
3D scoring methods have previously been shown to
correlate strongly.”® Example 3D rendering images
produced using Imaris (Bitplane) are shown in
Figure 1, Step 4. SpectraFISH images could also be
segregated into different cell cycle stages using a
DAPI-based integration strategy for subsequent analy-
sis.”> With appropriate modifications, including the
use of a nuclear stain, these data could also be ana-
lyzed using software to automate morphometric and
colocalization analysis, such as CellProfiler, which is
capable of automatically identifying nuclei and sub-
nuclear structures for subsequent colocalization analy-
sis.”* This may be especially useful in systems where
substantial changes in cell cycle progression™ (e.g.,
cancer) or nuclear morphology (e.g. laminopathies®®)
is expected and may interfere with normal gene posi-
tioning and NB biology.

Final remarks and outlook

Here, we detail a spectral imaging technique to
visualize higher-order genomic organization (spec-
traFISH). This microscopic tool allows researchers
to simultaneously co-visualize 5 distinct genes, chro-
mosomes, NBs or other nuclear structures. However,
this methodology can also be applied to better
understand the relationship between specific geno-
mic loci or regions and epigenetic marks, or the
dynamic manner in which multiple NBs associate
with target genes under various physiological and
experimental conditions. Further progress and
development of near-infrared and far-infrared
lasers, super-resolution microscopy approaches,
detectors and photostable fluorophores will allow
efficient, crosstalk-free co-visualization of more than
6 fluorophores. Indeed, a similar strategy has been
demonstrated recently for protein-based structures
in different cellular compartments.”” The data
presented here indicates that obvious differences

exist between inter- and intra-chromosomal gene
associations that require further investigation. This
is a flexible, high-resolution visualization tool for
the dissection of higher-order genome dynamics
which cannot typically be quantified using high-
throughput genomic sequencing or automated deep
imaging methodologies.
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