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Abstract 

Background: Fluorescence In Situ Hybridization (FISH) has become routine for bio-medical 

research and medical diagnosis, thereby offering a variety of probes and ready-to-use kits 

that fulfil requirements for many applications. However, conventional FISH relies on 

chemical and/or thermal denaturation to improve target accessibility and uses huge 

amounts of DNA that needs to be bonded to the target site. COMBinatorial Oligo-nucleotide 

FISH (COMBO-FISH) offers possibilities to circumvent these shortcomings.  

Methods: COMBO-FISH uses either a set of oligo-nucleotide probes (15 – 25 mers) uniquely 

co-localizing at the target site or single oligo-stretches repetitively but exclusively binding to 

the target. These probes are designed by systematic sequence data base searches. COMBO-
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FISH probes form Hoogsteen or Watson-Crick bonds, and protocols with or without thermal 

denaturation can be realized. The latter allows the combination of COMBO-FISH with 

immunostaining. Low amounts of probe DNA allow the best maintenance of native 

chromatin organization – a prerequisite for applying super-resolution single molecule 

localization microscopy (SMLM). 

Results: Specific labelling of the AMACR gene with an oligo-nucleotide probe set was applied 

in three different cell types. Hybridization efficiencies were determined by counting spots of 

high visibility and their radial positions were measured by confocal microscopy. The nuclear 

architecture revealed a non-random organization. Using uniquely, repetitively binding 

COMBO-FISH probes for centromere 9, Alu consensus and L1 sequences revealed a 

characteristic probe distribution in cell nuclei as being measured by SMLM. Comparison to 

theoretical data allowed determination of chromosome 9 radial positions without painting 

whole chromosomes. Three-color staining by COMBO-FISH for Alu and L1 with 

immunostaining for heterochromatin was successfully demonstrated. 

Conclusions: COMBO-FISH is a powerful tool that circumvents shortcomings of standard FISH 

procedures using probes derived, e.g. from BAC clones. The application for measurements of 

nuclear architecture by 3D confocal microscopy and of chromatin nano-architecture by 

SMLM using COMBO-FISH and immunostaining simultaneously has been demonstrated. 
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1. Introduction 

New insights about three-dimensional organization and architecture of the genome inside the 

cell nucleus [1-8] have highly impacted recent biological and medical research [9, 10]. In fact, non-

random spatial distribution of genomic elements [11-14] in a framework of chromosome 

territories (CT) and interchromatin compartments (IC) [5-7, 12] has emerged as an additional 

major regulator of cellular functions and phenotypes [13, 15-19]. Meanwhile, understanding of 

genome architecture has grown rapidly with the help of modern chromatin conformation capture 

(3C) derived techniques [20-25] that construct genome-wide maps from formaldehyde crosslinked 

chromatin interactions. Thereby, mega base-pair sized topologically associating domains (TADs) 

and subdomains therein (subTADs) [26-29] have been identified as structural units of the three-

dimensional genome [30]. In parallel, modern super-resolution microscopy technologies [31-39] 

have been developed, enabling analyses at the single cell level of cellular nanostructures and 

molecular interactions on the order of magnitude of single antibodies, histones, receptors, etc. (i.e. 

in the order of 10 nm) by in situ nano-tagging [31]. In this respect, the identification of 

representative structural parameters as markers for the nano-scale organization of genomic 

elements in chromatin context is among the central tasks [10, 40, 41]. Therefore, sophisticated 

methods have emerged from combining labelling with short DNA oligo-nucleotides (< 20 
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nucleotides) with modern single molecule localization microscopy (SMLM) technologies to localize 

genomic elements within the nucleus at unprecedented resolution [41].  

Fluorescence in situ hybridization (FISH) [42] has become a well-established cytometric tool for 

base-pair complementarity-based labelling of genomic regions using single stranded DNA probes 

that can be detected via fluorescence microscopy [43]. So far, conventional FISH has been used 

with great success in biological research and is routinely applied for diagnostics in today’s clinics 

[43]. Nowadays, FISH probes derived from BAC clones are commercially available for many gene 

targets, all centromeres and telomeres, and for painting of whole chromosomes or large parts of 

chromosomes. In most cases, ready-to-use kits are the tools of choice. However, in cases of i) gene 

targets where such kits are not commercially available, ii) non-model species like gorilla or 

chimpanzee that are completely sequenced nowadays or especially iii) studies on the genomes of 

plants, oligo-based FISH techniques have become powerful new tools for chromosome 

identification and karyotyping research [44]. In addition, conventional FISH preparation protocols, 

as often being established, require harsh thermal (70 °C or more) and chemical denaturing 

conditions [45, 46] using chaotropic agents like formamide. Under such conditions, the native 

chromosomal and chromatin structures may be altered [47], especially on the nano- or even on 

the meso-scale. 

Target sequence and length of conventionally used FISH probes derived from yeast artificial 

chromosomes (YAC) or bacterial artificial chromosomes (BAC) are limited by their design and 

amplification methods, for instance, the amplified DNA sequences rely on the presence of cuttable 

sites for restriction enzymes. Due to the patent situation, companies have constructed different 

probes for the same target that only partly cover the target or only bind to the close 

neighborhood of a given target. For many purposes in research using conventional light 

microscopy, this may be sufficient and lead to a tolerable error, since the deviation of exact target 

labelling is less or similar to the resolution limit.  

With the completion of the human reference genome [48] and the establishment of automated 

oligo-nucleotide synthesis, the basis for design and realization of short oligo-nucleotide probes has 

been laid. Exact sequence and length of these probes can be computationally optimized to 

specifically bind to any genomic target. Due to the short size of oligo-probes, which could be 

selected according to a consistent melting temperature range, these probes are able to cross cell 

barriers and bind to their intended target. New companies offer free assistance in designing 

probes, which have been successfully used in specialized applications and in a variety of cell types. 

Libraries containing hundreds of thousands of such short oligo-nucleotide probes, also termed 

oligopaint probes, can be used to label genomic regions in the range of kilo- and mega-bases [49-

52] with a considerable high signal/noise ratio.  

An alternative oligo-nucleotide approach is combinatorial oligo fluorescence in situ 

hybridization (COMBO-FISH) that uses either a unique oligo-probe, of which multiple stretches are 

binding specifically to a target, or a combinatorial set of a few (about 15 – 25 nt) short DNA probes 

that are designed to co-localize only at the desired genomic target [53]. This latter approach 

ensures and enhances labelling specificity even when individual short oligo-nucleotide probes are 

less unique by statistical nature. Furthermore, the number of binding oligo-nucleotides can be well 

estimated for a given target so that super-resolution microscopy may allow structural 

interpretations of chromatin targets [54].  
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COMBO-FISH can be further extended to triplex forming oligo-nucleotides (TFOs) that directly 

bind into the major groove of the target sequence via Hoogsteen base-pairing [55-57] and probes 

consisting of peptide nucleic acids (PNAs) can be also used instead [53, 55, 57, 58]. As no 

denaturing of the target double-strand is required for TFO probes, labelling of genomic targets can 

be obtained at maximal conservation of the three-dimensional structure of native chromatin, 

thereby using only some ten oligo-probes, which result in a few hundred bases of additional DNA 

only. COMBO-FISH probes are in silico designed [55] [59] either with data from open accessible 

sequence databases, e.g. NCBI [60] or from user-made databases, which could be customized only 

for TFO-binding sites. These improvements make oligo-nucleotide-based FISH labelling a suitable 

approach for genome architecture research. Compared to the oligopaint approaches described 

above, special care must be taken in specimen preparation in order to avoid background signals 

since the COMBO-FISH label using some ten oligo-nucleotides is often weak. For instance, a set of 

20 oligo-nucleotide probes, each one labelled with one dye molecule at the 5’ end, forms a 

fluorescent signal on a gene target that consists of not more than 20 fluorochromes (or maximum 

40 fluorochromes, if the 3´end is additionally tagged). In case some oligo-nucleotides have 

additional binding sites outside the given target or if specimens could not be prepared without un-

specific fluorescence, one may run into the trouble of a poor signal/noise ratio. Thus, each FISH 

approach has its strength and weakness and should be selected according to the requirements of 

the scientific investigation it is applied to. 

COMBO-FISH probe sets, either using triplex-forming, i.e. Hoogsteen binding or double-strand 

forming, such as Watson-Crick binding probes, were successfully applied in various studies for a 

variety of genomic regions (e.g. centromere 9 [56], receptor tyrosine kinase 2 (HER2/NEU) [61], 

breakpoint cluster region (BCR) [62, 63], ABL proto-oncogene 1 (ABL) [62-64], and genomic Alu 

elements [31, 65]). Oligo-nucleotide labelling localization microscopy [39, 66, 67] of Alu elements 

revealed structural changes in chromatin after irradiation [65] and was discovered as a novel 

dosimetric marker for low [31] to high [65] dose ranges. Results from nanoscopy of COMBO-FISH 

labelled trinucleotide expansions in the FMR1 gene promoter represent microscopic counting of 

repetitive units, which could be addressed as first steps towards realization of in situ optical 

sequencing [54].  

In parallel to improvements of COMBO-FISH, sophisticated super-resolution fluorescence 

microscopy has been developed (e.g. photoactivated localization microscopy (PALM) [33], 

fluorescence PALM (F)PALM [34], stochastic optical reconstruction microscopy (STORM) [35, 68], 

direct stochastic optical reconstruction microscopy (dSTORM) [36], ground state depletion 

microscopy followed by individual molecule return (GSDIM) [37], super-resolution optical 

fluctuation imaging (SOFI) [38], etc.), which allows nanometer precise localization of fluorescently 

labelled biomolecules at the single cell level. Spectral position determination microscopy (SPDM)  

[39] or single molecule localization microscopy (SMLM) uses reversible photo-bleaching at high 

power laser (kW/cm2) excitation [69]. Thereby, stochastic recovery of sparse subpopulations of 

fluorophores from reversible dark states back to fluorescing states (= ‘blinking’) results in optical 

isolation through time. This allows precise position determination far below the diffraction limit 

down to the 10-nm level. SMLM gets full benefit from COMBO-FISH as resolution of labelling and 

resolution of signal detection lie in matching regimes [54, 56].  

In this study, we present results on the application of COMBO-FISH for spatial analysis of the 

alpha-methylacyl-CoA racemase (AMACR) gene locus (P504S) relative to the cell nucleus. This gene 
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locus is a typical example where most commercially available ready-to-use BAC probes do not 

individually map the target but overlap over a certain chromosome region on chromosome 5. 

Therefore, a specific combination of oligo-nucleotides can be used as an alternative for a focused 

labelling of the given target side only.  

The AMACR gene codes for an enzyme involved in peroxisomal beta oxidation of branched fatty 

acids [70, 71] and is highly overexpressed in prostate cancer [72, 73], the most prevalent cancer in 

the male population, and is used as a well-established diagnostic marker. However, the exact 

mechanisms causing dysregulation of AMACR expression remain elusive [74, 75]. Besides 

epigenetic impact on dysregulation of genes in tumor genesis significant spatial re-arrangements 

of the genes or even the gene carrying chromosomes have been shown (see for instance [76]). 

Spatial analyses of the AMACR gene locus in connection with genome architecture can therefore 

be seen as a new alternative step to gain further insights into the mechanisms of gene regulation 

and prostate cancer genesis. Here, we show that this focused labelling of a gene target leading to 

a small fluorescent spot in the cell nuclei can be used as typical examples where an exact 

positioning of the probes to the target side is required for fluorescence microscopy. 

Furthermore, we extend COMBO-FISH by dual color labelling to study the spatial distribution of 

genomic Alu elements around chromosome 9 centromeres. In order to study higher order 

chromatin networks, low denaturing conditions and SMLM were applied. The uniquely binding 

short probes better maintain the native structure and resolve the chromatin arrangements in a 

pointillist manner with a resolution in the 10-nm range. This will allow us to estimate not only the 

chromosome territory around the centromere but also slight differences in chromatin compaction 

and sizes between the homologous territories. Moreover, the low temperature conditions allow 

the simultaneous combination of COMBO-FISH and immunostaining, as demonstrated by the 

application of Alu- and L1-oligo-probes in combination with H3K9me3 antibody labelling. By this 

first methodological approach, we will demonstrate new perspectives for investigations of 3D 

chromatin architecture on the nano-scale with functional relevance. 

2. Materials and Methods 

2.1 Cell Culture 

2.1.1 Human Blood Lymphocytes 

Peripheral blood mononuclear cells (PBMCs) were isolated from the blood of a healthy male 

adult donor by standard density gradient centrifugation (FicoLite H; Linaris, Bettingen a.M., 

Germany). Interface cells were collected, washed in RPMI 1640 with L-glutamine supplemented 

with 50% fetal calf serum (FCS; both from PAA Laboratories GmbH, Pasching) and cultivated in 

chromosome medium B with phytohemagglutinin (PHA; Biochrom KG, Berlin) for no more than 72 

hours (approximately, 5 cell divisions) at 37 °C, 5% CO2 and H2O saturation. Lymphocytes were 

seeded on poly-L-lysine hydrobromide (1 mg / mL; Sigma-Aldrich Chemie GmbH, Buch CH) coated 

microscopy slides for 10 to 60 min to appropriate attachment and fixed in 4% formaldehyde (Fluka 

Biochemica GmbH, Buchs CH) in 0.3 x PBS for 10 min at room temperature. 
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2.1.2 VH7 & LNCAP 

Human foreskin fibroblast VH7 cells were kindly provided by Prof. Boukamp (Division of 

Genetics of Skin Carcinogenesis, German Cancer Research Center (DKFZ), Heidelberg). VH7 cells 

were cultivated in DMEM (Invitrogen GmbH, Karlsruhe) supplemented with 1% penicillin / 

streptomycin and 10% FCS (all from PAA Laboratories GmbH, Pasching). Human prostate cancer 

LNCAP cells were cultivated in RPMI 1640 with L-glutamine supplemented with 1% penicillin / 

streptomycin and 10% FCS (all from PAA Laboratories GmbH, Pasching). All cells were incubated at 

37 °C, 5% CO2 and H2O saturation. For specimen preparation, cultivated cells were trypsinized and 

diluted down to a concentration of 150,000 cells per mL. 1 mL cell suspension was seeded per 

cover glass within 6-well plates and grown 1 to 2 days to appropriate confluency. Then, cells were 

washed once in 1 x PBS (Sigma-Aldrich Chemie GmbH, Steinheim) and fixed in 4% formaldehyde 

(in 1 x PBS; Fluka Biochemica GmbH, Buchs CH) for 10 min at room temperature and washed again 

in 1 x PBS. 

2.1.3 SkBr3 (also known as SK-BR-3) 

Human breast cancer SkBr3 cells (ATCC HTB-30) were cultivated in McCoy’s 5A (Modified) 

Medium, GlutaMAX supplemented with 1% penicillin / streptomycin (all Thermofisher, Waltham, 

MA, USA), 10% FCS (Biochrom, Berlin, Germany), and 25 mM 2-(4-(2-Hydroxyethyl)-1-piperazinyl)-

ethan sulfonic acid (HEPES) (Carl Roth, Karlsruhe, Germany) was used. Cells were incubated at 

37 °C, 5% CO2 and H2O saturation. For specimen preparation, SkBr3 cells were seeded on 24 mm x 

24 mm cover glasses (thickness class 1; Wenzel Gläser, Berlin, Germany), in six-well plates (Greiner 

Bio-One International, Frickenhausen, Germany) and grown to 70% confluency. Cells were washed 

once with 1 x PBS prior to fixation in 3.7% formaldehyde (in 1 x PBS) for 10 min at 37 °C and 

washed three times in 1 x PBS + Mg/Ca for 5 min. 

2.2 COMBO-FISH Labelling of AMACR Gene Locus in Human Blood Lymphocytes 

Formaldehyde (freshly prepared from paraformaldehyde) fixed human blood lymphocytes were 

treated with RNase (10 mg / mL in Tris-HCl; pH 7.5 + 15 mM NaCl; Sigma-Aldrich Chemie GmbH, 

Steinheim) at 37 °C for 1 hour and pepsin (100 mg / ml; Sigma-Aldrich Chemie GmbH, Steinheim) 

at 37 °C for 1 to 3 min depending on the cytoplasmic content of cells. Cells were dehydrated in an 

increasing ethanol series (70%, 90%, 100%) for 3 min at each concentration. Denaturation was 

performed in 70% formamide (in 2 x SSC, pH7; Sigma-Aldrich Chemie GmbH, Steinheim) at 75 °C 

for 5 min and then dehydrated in an increasing ethanol series (70%, 90%, 100%). 100 pmol / µL 

oligo probes in hybridization buffer (50 mM MgCl2 x 6 H2O; J.T. Baker B.V., Devender NL) + 3 M 

NaCl + 0.5 M sodium acetate at pH 7.0) were applied directly onto the cells, immediately covered 

with a cover glass, and sealed with rubber cement (Fixogum). Hybridization of the probe set (Table 

1) was performed in a humidified environment in darkness at 37 °C overnight. Post-hybridization 

washing was performed in 2 x SSC at 65 °C for 5 min. Cells were counterstained with TOPRO-3-

iodide and embedded in Vectashield mounting medium and sealed with Fixogum or nail polish (for 

long-term preparations). 
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2.3 COMBO-FISH Labelling of Genomic Alu and Chromosome 9 Centromere in SkBr3 Cells 

Formaldehyde fixed SkBr3 cells on cover glasses were permeabilized in 0.1% Triton-X (in 1 x PBS 

+ Mg/Ca) for 3 min. After washing three times in 1 x PBS + Mg/Ca on a shaker for 5 min, cells were 

incubated in 0.1 M HCl for 10 min, then washed again three times in 1 x PBS + Mg/Ca on a shaker 

for 5 min. Cell were equilibrated in 2 x SSC for 5 min and denatured in 50% formamide in 2 x SSC at 

70 °C for 30 min. 200 ng oligo probes specific for genomic Alu (Alexa Fluor® 568-

TAATCCCAGCACTTTGG) and 200 ng oligo probes against chromosome 9 centromere (Alexa Fluor® 

488-AATCAACCCGAGTGCAAT) mixed in 20 µL 10 mM Tris-HCl were pipetted on a clean microscope 

slide and cover glasses were applied with cells facing down to droplet. Cover glasses were sealed 

with rubber cement (Fixogum) to prevent drying out and incubated in a humidified environment 

at 37 °C for 24 hours. Post-hybridization washing was performed in 2 x SSC at 37 °C for 5 min. After 

equilibrating in 1 x PBS + Mg/Ca for 5 min, cells were counterstained with DAPI and embedded in 

ProLong Gold Antifade Mountant (ThermoFisher Scientific, Darmstadt, Germany). After curing for 

24 hours, specimen were sealed in nail polish and stored at 4 °C in darkness.  

2.4 Combined COMBO-FISH and Antibody Labelling of Genomic Alu, L1 and H3K9me3 

Heterochromatin in SkBr3 Cells 

Three-color staining of H3K9me3, genomic Alu and L1 was optimized and performed based on a 

protocol for low temperature combinatorial oligo-nucleotide FISH (COMBO-FISH) in combination 

with immunostaining that was previously developed in our group [65].  

In brief, formaldehyde fixed SkBr3 cells on cover glasses were permeabilized in 0.1% Triton-X 

(in 1 x PBS + Mg/Ca) for 3 min. After washing three times in 1 x PBS + Mg/Ca on a shaker for 5 min, 

cells were blocked in 2% bovine serum albumin (BSA; in 1 x PBS + Mg/Ca) for 30 min. Anti-

H3K9me3 rabbit primary antibodies were applied, and cells were incubated in a humidified 

environment at 37 °C for 30 min. After washing three times in 1 x PBS + Mg/Ca on a shaker for 

5 min, cells were incubated with anti-rabbit Alexa Fluor® 647 labelled secondary antibodies at 

37 °C for 30 min. After washing three times in 1 x PBS + Mg/Ca on a shaker for 5 min, post fixation 

was performed in 2% formaldehyde solution (in 1 x PBS + Mg/Ca) at 37 °C for 10 min.  

After washing, cells were incubated in 0.1 M HCl for 10 min, then wash-permeabilized three 

times in 0.05% Triton-X (in 1 x PBS + Mg/Ca) on a shaker for 5 min, equilibrated in 2 x SSC for 5 min, 

and denatured in 50% formamide in 2 x SSC at room temperature for 30 min. 200 ng oligo probes 

specific for genomic Alu (Alexa Fluor® 568-TAATCCCAGCACTTTGG) and 200 ng oligo probes 

specific for genomic L1 (Alexa Fluor® 488-GGTGATTTCTGCATTTC) mixed in 20 µL 10 mM Tris-HCl 

were pipetted on a clean microscope slide, and cover glasses were applied with cells facing down 

to droplet. To prevent drying during hybridization, cover glasses were sealed with rubber cement 

(Fixogum) and incubated in a humidified environment at 37 °C for 24 hours. Post-hybridization 

washing was performed in 2 x SSC at 37 °C for 5 min. After equilibrating in 1 x PBS + Mg/Ca for 5 

min, cells were counterstained with DAPI and embedded in ProLong Gold Antifade Mountant 

(ThermoFisher Scientific, Darmstadt, Germany). After curing for 24 hours, specimen can be sealed 

in nail polish and stored at 4 °C in darkness.  

In contrast to the specimens using for CLSM, which were embedded in Vectashield, the 

specimens for SMLM were embedded in ProLong Gold. In accordance with all projects running on 
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SMLM in our group, well polymerized ProLong Gold embedding does not influence the blinking 

efficiency of the dye molecules or show any self-blinking effects.  

2.5 Microscopy 

2.5.1 Confocal Laser Scanning Microscopy 

Fluorescence microscopy was performed on a confocal laser scanning microscope (CLSM) TCS 

NT-type (Leica) with a PL APO 63 x 1.4 objective (oil immersion) using appropriate filter settings 

for the dyes used. Images were acquired with a voxel size of 77 nm x 77 nm x 203 nm, zoom factor 

4, accumulation factor 4 and saved. Raw images were pre-processed by thresholding in ImageJ 

prior to further image analysis. 2D maximum intensity projection images were generated and used 

for determining hybridization efficiency, relative radial distances, and inter-loci distances. For each 

cell type analyzed for AMACR gene loci, 140 cell nuclei were quantitatively evaluated. 

2.5.2 Localization Microscopy 

The detailed setup of the microscope used in this study was already described elsewhere [65]. 

The motorized inverted TILL Photonics – FEI microscope was equipped with a Plan Apochromat 

100x / 1.46 Oil, a Plan Neofluar 40 x / 0.75 Air and a Plan Neofluar Korr 20 x / 0.4 Air LD objective. 

Two diode lasers (405 nm; 120 mW and 642 nm; 140 mW) and two solid-state lasers (491 nm; 220 

mW and 561 nm; 220 mW) were implemented with a HC BrightLine Laser Quad Set 405 / 488 / 

561 / 635 mb filter. An acousto-optic tunable filter (AOTF) was used to maintain mechanical 

stability of the beam path while changing laser wavelength and intensity during acquisition of 

multi-color samples. The beam was directed into the 100 x oil immersion objective lens with a 

numerical aperture of NA = 1.46. The light captured by the lens was imaged onto an iXon Ultra 

Andor EMCCD grey scale camera. For localization microscopy, intensities of the lasers were set to 

maximal powers (491 nm at 2.52 kW / cm2; 561 nm at 4.65 kW / cm2 and 642 nm at 1.69 kW / 

cm2). 2000 frames (exposure time: 100 ms per frame) were acquired for each measurement (1 cell 

nucleus) and each laser wavelength. For each series of SMLM experiments, typically 50 cell nuclei 

were registered. An in-house software (see [31, 39, 54, 65, 77, 78] for detailed descriptions) was 

used for the localization of signal points from blinking events in raw image stacks. The resulting 

data matrix containing the coordinates of detected signals was subject to further computational 

analysis. 

3. Results 

3.1 Localization of the AMACR Gene Locus in the Nucleus of Human Blood Lymphocytes 

For combinatorial oligo-nucleotide FISH (COMBO-FISH) staining of the AMACR gene locus in 

interphase nuclei, a set of total 29 short oligo-nucleotide probes was used. Each oligo-nucleotide 

probe was labelled with an Alexa488 dye molecule at the 3´ and 5´end so that the probe set was 

represented by 58 dye molecules. The sequences exclusively contain homo-pyrimidines with 

lengths between 15 and 17 nucleotides and were entirely computationally designed. A full list of 

oligo-nucleotides of the probe set with their exact sequences is given in Table 1. In total, the probe 
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set covers 458 nucleotides of the AMACR gene locus, and the probes are nearly homogenously 

dispersed over a sequence length of about 25 kb.  

Table 1 Oligo probe set used in this work for staining of the AMACR gene locus. 

Probe ID 
Length  

[bp] 

GC 
content  

[%] 

Tm*  
[C°] 

Molar 
mass  

[g / mol] 
Sequence 

AMACR1 16 43.8 40.6 6110.2 AGG AAG AAG GGG AAA A 
AMACR2 16 43.8 34.4 6110.2 GGA GGA AAA GAG AAA G 
AMACR7 15 40.0 31.2 5781.0 AGA AAG AAA AGA GGG 

 AMACR9 17 35.3 30.6 6068.1 CTT CTC TTC TTT CTC TT 
AMACR10 17 58.8 45.3 6471.5 GAA GAG GAA AGG GAG GG 
AMACR11 16 37.5 37.9 5763.9 TCT TCC TTT TCC CTT T 
AMACR12 16 43.8 30.6 6110.2 GGA GAG AAG AAA GAA G 
AMACR13 17 76.5 57.9 6519.5 GGG GGG AAG GGG AGG GA 
AMACR14 15 66.7 43.3 5399.7 CCC CTC CCT CTT TCC 

 AMACR16 16 62.5 45.5 5703.9 TTC CTC CCT CCC CTC T 
AMACR17 15 40.0 31.7 5459.7 TTT CTC CTC TTT TCC 

 AMACR23 15 60.0 37.0 5829.0 GAG AAG AAG AGG GGG 
 AMACR26 15 53.3 37.0 5813.0 AAG GAA GGA AGA GGG 
 AMACR27 15 53.3 29.9 5813.0 GAA GAG AAG GGA GAG 
 AMACR28 16 37.5 34.6 6094.2 AGG GAA AGA AGA AAA G 

AMACR30 15 66.7 39.9 5845.0 GAA GAG GGG GGA GAG 
 AMACR31 15 53.3 34.0 5429.7 CCT CCT TTC CTT CTC 
 AMACR32 16 50.0 32.9 5733.9 CTC CTC TTT CTC CTC T 

AMACR33 15 33.3 28.2 5765.0 AAA AGA AGG AAA GAG 
 AMACR36 16 43.8 37.3 5748.9 TCC CTT TTC TTC TCC T 

AMACR37 17 41.2 34.1 6053.1 CTT TCC TCT TCT TTC TC 
AMACR38 17 41.2 36.9 6423.5 AGA GAA AGA GGA AAA GG 
AMACR39 17 52.9 42.2 6455.5 AGA GGA AGA AAG GGA GG 
AMACR40 16 37.5 34.6 5763.9 CTT CTT CCT TCC TTT T 
AMACR43 15 46.7 34.0 5797.0 AGA GGA GAA AGG GAA 

 AMACR45 15 40.0 27.1 5459.7 CTC TCT CCT TCT TTT 
 AMACR46 17 52.9 42.3 6023.1 TTT CTC CTC CCC TCT CT 

AMACR48 15 46.7 34.7 5444.7 TCT TCT TCC TTT CCC 
 AMACR50 15 40.0 34.9 5781.0 AAA AGG GAG GAA AAG 
 *melting temperature (median value of the denaturation curve). 

Fluorescent spots of the AMACR gene locus in nuclei from human blood lymphocytes (one male 

donor), VH7, and LNCAP cells were obtained and counted in 2D maximum intensity projections of 

CLSM measurements. Analysis on the overall labelling statistics resulted in more than 70% (79% of 

lymphocytes, 93% VH7 and 71% LNCAP cells) observations with one or two AMACR spots (Table 2). 

Thereby, spots lying at the outer nuclear rim (Figure 1B; bottom left) as well as spots with very 

weak intensities (Figure 1B; bottom right) were excluded from analysis to avoid false positive 

counts. 
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Table 2 Statistics on oligo-nucleotide labelled spots at the AMACR gene locus. 

Cell type 
Number n of cells 

with spots 
Number n of cells 
with 1 or 2 spots Percentage [%] 

Lymphocytes 92 73 79 
VH7 70 65 93 
LNCAP 100 71 71 

The radial distribution of AMACR gene locus signal spots was calculated from the 3D image 

stack following the procedure described in [79]. Therefore, the nuclei were smoothed by a 1x3 and 

3x1 binomial filter in the lateral direction and segmented using a 26-neighborhood. The intensity 

threshold for neighboring voxels was calculated by an iterative approach as already presented in 

[5].  

In 76 blood lymphocyte, nuclei of relative radial distances were measured, which is defined in 

the range from 0% (center) to 100% (periphery) around the barycentre 𝑅𝐵 of each nucleus as  

𝑅𝐵 =
∑ 𝐼𝑖𝑟𝑖𝑖

∑ 𝐼𝑖𝑖
        (1) 

Where 𝐼𝑖 is the intensity; and 𝑟𝑖 the position of the 𝑖-th voxel. Statistical analysis resulted in a 

mean radial distance of 63% with the minimum radial distance measured being 8% and the 

maximum distance being 92% (Figure 1C). Thus, on average, spots were located more towards the 

nuclear periphery.  

Absolute spot-to-spot distances between homologous AMACR gene loci were calculated in the 

nuclei of 38 blood lymphocyte cells as illustrated in Figure 1D. The spherical cell nuclei were 

selected to have the same size in order to avoid normalization problems. The calculations resulted 

in a mean distance of 7.7 µm with minimum and maximum distances of 2.1 µm and 18.4 µm, 

respectively (Figure 1E). About 24% of spot pairs are separated by an absolute distance 𝑑 of 12 µm 

(the most frequent distance), and only very few spots lie 14 to 18 µm apart from each other.  
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Figure 1 COMBO-FISH signal spots at the AMACR gene locus in interphase chromatin of 

human blood lymphocytes. (A) Idiogram of human chromosome 5 with the AMACR 

locus (orange band). (B) 2D maximum intensity projections along the z-axis after CLSM 

measurements of example lymphocyte interphase nuclei with COMBO-FISH staining of 

AMACR gene labelling (green) by an appropriate oligo-nucleotide probe set. 

Counterstaining of nuclei was performed with TOPRO-3-iodide (red). Cells can have 

two (top), three (bottom left), or one bright and one weak (bottom right) signal spots 

in the image plane. (C) Histogram of relative radial distances of signal spots from the 

nuclear center (number of bins 10, bin width = 10). (D) Example cell with two signal 

spots that was used for inter-homolog distance measurements. (E) Histogram of inter-

homolog distances measured in interphase nuclei (number of bins 10, bin width = 10). 

3.2 Localization of Genomic Alu Elements and Chromosome 9 Centromeres 

Specific labelling of Alu elements and chromosome 9 centromeres (C9) in SkBr3 cells was 

successfully performed with short oligo-nucleotide probes according to the COMBO-FISH method 

for the analysis of nuclear architecture via SMLM. Point-like clusters of fluorescence signals from 

chromosome 9 centromere labelling were clearly visible by means of fluorescence microscopy 

(Figure 2A, B) and after super-resolution localization microscopy (Figure 2C). In contrast, Alu 

fluorescent labels were distributed over the whole nucleus except at the Alu-free nuclear rim, 

which was already observed in past studies using conventional FISH probes [4]. Wide-field 

overview images of typical region of interests (ROIs) that were used for localization microscopy are 

presented for two example cell nuclei in Figure 2B. These images suggest a complete co-

localization between the DAPI staining and the Alu labelling due to the diffraction induced image 

spreading. By quantitative evaluation of SMLM data, this visual misinterpretation could be avoided. 

Density images were computed with in-house software according to [65] with pixel intensities 

corresponding to the number of signal points counted inside a radial distance of 1000 nm around 

a pixel. A 50-nm Gaussian filter was applied to facilitate visual recognition of structural 

arrangements. Clusters of points referring to one centromere 9 were identified based on the 

criterion of a minimum number of 40 labelling points inside a 200-nm radius around a cluster 

centroid with in-house software as described in [31, 54, 80].  

A super resolution overlay image comprised of Alu signal densities and a centromere 9 

obtained from localization microscopy measurements of one example cell section is shown in 

Figure 2C. Instead of a homogenous signal all over the nucleus as observed from conventional 

fluorescence microscopy, fluorescent points of Alu signals are non-randomly distributed over the 

whole nucleus. This pointillist image demonstrates the differing point densities in the Alu 

distribution pattern. Some regions with high Alu signal densities overlay with the centromere 9 

point cluster. 
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Figure 2 Diffraction limited and super resolution images of Alu and chromosome 9 

centromere signals. (A) Epifluorescence overview image showing successful staining of 

chromosome 9 (middle) centromeres and genomic Alu (bottom) and DAPI 

counterstaining (top). Note: Due to the low magnification and low numerical aperture 

of these images, the camera gain has to be maximized leading, in general, to a color 

background; although, the specimen preparation was nearly background-free as 

shown in B. (B) Diffraction-limited image sections of typical region of interests for two 

example cells. (C) Super-resolution overlay image of Alu densities (green), a 

centromere 9 points cluster (red), and overlaying regions (blue). Note: In (C), only one 

image plane (no projection) is shown, where one centromere 9 is located. A magnified 

point coordinate representation of the white box is shown below. 

Computational probe design allows estimates about the theoretical probe binding sites on the 

human reference genome. Figure 3C shows an idiogram of chromosome 9 with the distribution of 

its Alu probe binding sites (red) and Alu consensus sequences (blue). For the Alu probe used in this 

study, a total number of 401,133 probe binding sites were found for the whole genome, of which 

16,459 sites (4.1%) lie on chromosome 9. From this fraction, a hypothetical number of measured 

Alu localization signals assumed to originate from chromosome 9 can be simply back calculated. 

For the example cell in Figure 2C, 15,887 total Alu signals were measured, which results in 652 

(4.1%) signals that were presumably detected from genomic Alu labels on chromosome 9 (Table 3). 

The radius of a circle centered at the centromere 9 centroid can be defined at which the 

theoretical number of chromosome 9 related Alu signals is included inside the circle boundaries. 

This could be a most simple estimate for the circular approximation of a chromosome 9 territory 

merely derived from the location of its centromere and the spatial distribution of Alu localization 

signals inside the nucleus. In fact, our calculations resulted in circular territories of plausible sizes 

when compared to the whole nucleus (Figure 3A and magnification in B). As each SMLM 
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measurement results in a distinct number of total Alu signals for each individual cell, different radii 

could be calculated for each single centromere centroid. 

Table 3 Alu probe binding sites on chromosome 9 of the reference genome and 

hypothetical Alu localization signals originating from chromosome 9. 

Region Alu probe binding 

sites 

Alu localization 

signals* 

chromosome 9 16,459 652 

whole genome 401,133 15,887 

fraction 0.0410 0.0410 

*Calculations were based on the example cell shown in Figure 2C. 

The average distribution of Alu signal points around 38 centromere 9 cluster centroids were 

calculated. Higher and lower densities of Alu signals can be observed over certain radial distances 

from the centromere 9 cluster centroid (Figure 3D). In fact, varying densities of Alu elements (blue) 

as well as probe binding sites (red) can also be mapped along the full length of the human 

chromosome 9 reference genome, as depicted in Figure 3C.  

We calculated the theoretical chromosome 9 territory radii around 38 centromere centroids in 

20 cell nuclei. Our analysis revealed that centromere 9 point clusters tend to divide into two 

subpopulations (Figure 4A). Manual evaluation revealed that larger radii belong to centromere 9 

point clusters located at the nuclear periphery, whereas smaller radii were derived from 

centromere 9 point clusters that lie in the inner areas of the nucleus (Figure 4C-F). This 

observation could be also confirmed by measuring the relative radial distances of centromere 9 

cluster centroids and comparing them against the calculated radii of putative chromosome 9 

territories (Figure 4B). It can be seen that the largest radii (ranging from 1800 to 2400 nm) are 

located in a relatively narrow margin at the nuclear periphery (dark red dots), while smaller radii 

(ranging from 1200 to 1800 nm) are distributed over a wider range from the nuclear center 

towards the periphery (light orange dots). In both cases (Figure 4A and B), a skewedness of the 

distribution of chromosome 9 radii is observable.  
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Figure 3 Estimates of chromosome 9 architecture by its centromere and genomic Alu. 

(A) Plot of the raw point matrix obtained from SMLM data of example cell in Figure 2C. 

A circular approximation of a chromosome 9 territory (black circle) modelled from the 

theoretical distribution of Alu elements (blue dots) around the chromosome 9 

centromere (red dots). (B) Magnification of the region of interest in (A). (C) Idiogram of 

chromosome 9 showing the positional distribution of Alu probe binding sites (red), Alu 

consensus sequences (blue), and binding sites of a probe against genomic L1 elements 

(green). (D) The radial distribution of Alu signal points around a centromere 9 cluster 

centroid averaged over 38 centromere 9 clusters.  
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Figure 4 Nuclear localization of centromere 9 alleles. (A) Radii and Alu signal number 

boundary conditions of each individual centromere centroid. The grey dotted curve 

illustrates two subpopulations of chromosome 9 centromeres. (B) Radii around 

centromere 9 cluster centroid plotted against their relative radial distances. Light 

orange and dark red dots represent those centromeres on the left and right side of the 

dotted line in the plot in (A), respectively. (C-H) Example nuclei showing differently 

positioned chromosome 9 centromeres (center) inside the nucleus. 

3.3 Three-Colour Super-Resolution Microscopy of Genomic Alu, L1 and H3K9me3 

Heterochromatin Marks in the Same Nucleus 

Genomic Alu sequences, L1 sequences, and H3K9me3 were labelled by a combination protocol 

consisting of COMBO-FISH and immunostaining that was established in [65].  

The oligo-nucleotide sequence (GGTGATTTCTGCATTTC) for the L1 probe was recently designed 

in our group by a “sliding window” approach [80] and had already described in [65]. The binding 

sites of the L1 probe compared to the distribution of Alu consensus sequences and the Alu probe 

binding sites on chromosome 9 can be seen in Figure 3C. 
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Figure 5 Low temperature L1 oligo-nucleotide FISH on SkBr3 cells. L1 elements could 

be successfully labelled by the new oligo-nucleotide probe (Alexa Fluor® 488-

GGTGATTTCTGCATTTC) at low temperature conditions, which is a main requirement 

for combination with immunostaining. Building up on these preliminary results, a 

combined three-color staining of L1 together with Alu and H3K9me3 could be realized 

(see below). The left row of images shows the DAPI counterstaining of the cell 

ensemble, whereas the middle row of images shows the L1 oligo-nucleotide label 

signals as obtained by standard epifluorescence microscopy. Overlays of both channels 

(right column) show that L1 signals are distributed all over the nucleus and correlate 

with DAPI. Bottom images are magnifications of selected regions (white boxes) of the 

corresponding top images. 

Initial experiments demonstrated that the new L1 oligo-nucleotide probe can be applied at the 

same low temperature conditions and with the exact same protocol as those for the Alu probe 

(Figure 5). Using these preliminary results, oligo-nucleotide labelling of L1 together with Alu could 

be combined with antibody labelling of heterochromatin marker H3K9me3.  

Figure 6 contains the results obtained by SMLM of a SkBr3 cell nucleus specifically labelled for 

genomic Alu and L1 by the two different uniquely binding oligo-nucleotides and for 

heterochromatin by antibodies specific against the histone methylation site H3K9me3. Wide-field 

images (Figure 6A) show fluorescence signals distributed over the whole nucleus, which can be 

validated by DAPI counterstaining. Micrometer-sized regions of higher signal intensity are typically 

visible for H3K9me3, whereas Alu signals are more homogenously distributed, as already 

mentioned above. L1 staining shows few large areas with decreased signal intensity in the midst of 

homogenous signals. Such areas could not be observed in the other staining regions or by DAPI 

staining, but regions of high H3K9me3 intensity seem to overlay with them. Localization density 

images (Figure 6B) highlight dense accumulations of localization events. Here, it is observable that 

H3K9me3 tags representing methylated heterochromatin are distributed in denser but fewer 

accumulations, whereas Alu signals are more evenly distributed throughout the nucleus and 



OBM Genetics 2019; 3(1), doi:10.21926/obm.genet.1901064 
 

Page 17/28 

arranged in less dense accumulations. L1 density images show characteristics of both, as they 

seem to be organized in dense accumulations that are restricted to smaller regions, as observed 

for H3K9me3, but are also homogenously present over large regions of the nucleus like Alu. The 

composite of all three density images (Figure 6C) shows regions with pair-wise occurrences of high 

signals density and areas where dense accumulations of Alu, L1, and H3K9me3 occur together.  

Super-resolution SMLM images (Figure 6C) reveal that the signal dense regions in density 

images are further comprised of finer structures. Even at the nano-scale, H3K9me3 seems to be 

predominantly accumulated in relatively large well-separated globular formations (magenta 

boxes). Some Alu signals are also arranged in such globular formations, but most Alu signals are 

organized into smaller nanostructures that are either point-like or, sometimes, even have a rod-

shaped form (red boxes). Compared to H3K9me3 and Alu, L1 nanostructures are more 

heterogeneous in size, shape, and spatial arrangement. On several occasions, several L1 

nanostructures were observed to be aligned in a fiber-like manner resembling beads on a string 

(green boxes), which did not occur for either H3K9me3 or Alu.  

Spatial analyses of three-color SMLM data resulted in distinct local maxima in each of the 

Ripley’s K statistics in the sub-diffraction nanometer distance range (Figure 7). Alu signals show a 

characteristic peak around 15 nm, whereas L1 and H3K9me3 signals similarly have local maxima at 

about a 20-nm distance value. Based on these findings, L1 and H3K9me3 might share similar 

structural features or chromatin compartments, which differ from the Alu representing chromatin 

nanostructure.  
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Figure 6 Three-color super-resolution images of Alu, L1, and H3K9me3. (A) Wide-field images at 

diffraction limited resolution were taken to obtain a first overview of the nucleus and the region of 

interest (ROI) that was subsequently subjected to localization microscopy. Note: Since specific 

COMBO-FISH labelling works background-free, the wide-field images are oversaturated in order to 

visualize the cell nucleus completely. (B) Density images are generated from the pointillist matrix 

of localization signals for highlighted visualization of regions with distinct signal densities. (C) 

Density and super-resolution SMLM overlay images and their magnifications show regions with 

different combinations of co-localization on the microscopic level (yellow boxes) and characteristic 

nanostructures of H3K9me3 marks (magenta), genomic Alu (red), and genomic L1 (green).  
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Figure 7 Spatial SMLM data analysis by Ripley’s K statistics for the Alu, L1, and 

H3K9me3 triple staining. All three chromatin markers show distinct peaks in their 

Ripley’s K statistics. The frequency of Alu inter-point distances (red) has a local 

maximum at around 15 nm, whereas L1 (green) and H3K9me3 (magenta) result in local 

maxima around 20 nm point-to-point distances.  

4. Discussion 

The application of FISH has become an indispensable tool in modern bio-medical research and 

medical diagnosis using fluorescence microscopy and imaging in advanced procedures. Modern 

molecular biology offers a plethora of probes and commercially available ready-to-use FISH 

labelling kits. Nearly all of the FISH protocols applied so far make use of a thermal target and 

probe denaturation supported by the application of chaotropic agents like formamide. Beyond an 

additional influence on the target morphology [46, 47], the denaturation step hinders the 

simultaneous combination of FISH labelling with antibody-based labelling of native protein 

structures. Moreover, in many cases, very special targets have to be labelled, or species are 

investigated for which common FISH probes are not available. In this work, oligo-nucleotide 

approaches for specific FISH labelling are a method of choice. 

COMBO-FISH [53], as one of the established oligo-nucleotide techniques, offers the opportunity 

to circumvent several drawbacks of standard FISH protocols and reduces the wet laboratory work 

considerably. The COMBO-FISH probe sets are completely computer designed and can be 

developed for any given genomic region in any sequenced species. This makes the technique 

highly flexible [55], thereby strictly focusing labelling on the given target without considerable 

overlaps that could occur from using standard FISH probes. Since the probes are completely 

designed by a computer data search, additional parameters, such as binding energy, Watson-Crick 

or Hoogsteen bonding, probe length, etc. [61], could be considered for the final combination of 
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probes. Finally, target denaturation can be avoided or minimized [65] so that a combination with 

immunostaining and SMLM becomes feasible [31]. This offers novel perspectives for investigations 

of chromatin nano-architecture by super-resolution microscopy in normal and cancer cells. 

In this article, we have shown two typical examples for the application of COMBO-FISH in order 

to demonstrate potential applications. The probe combination specifically co-localizing in the 

AMACR region has allowed measurement of the radial distribution of the respective gene target 

site in different cell lines. Although it has been shown that COMBO-FISH can have a hybridization 

efficiency of 99% of the target sites [56], this has not been realized here since the AMACR region is 

labelled by only 29 oligo-stretches, i.e. only by 58 dye molecules. This may be due to fluorescence 

at the detection limit of the confocal microscope that was used, even though the preparation 

protocol had been optimized to nearly no unspecific fluorescence background (leading to high 

signal/background ratio). However, the local conditions on a slide might have been responsible to 

reduce the brightness of an AMACR spot so that it had not been considered for further 

quantitative analysis. This shortcoming could be overcome by SMLM and the detection of single 

dye molecules.  

On the other hand, it should be considered that for VH7 cells with a normal karyotype, 93% of 

the results reflected two chromosomes 5, whereas 29% of the cells showed more than 2 signals 

for LNCAP, which could be tri- or tetraploid. Nevertheless, on average, more than 77% of the 

labelling sites could be used for further processing. Depending on the research question addressed, 

this may be sufficient or overcome by additional measurements and selection of only completely 

labelled nuclei. 

Relative radial distances were calculated for AMACR fluorescence signals in lymphocyte nuclei 

and resulted in an overall localization of the gene locus (63%) more towards the nuclear periphery, 

which is in concordance with earlier findings on the peripheral location of the relatively large and 

gene dense chromosome 5 territory [4, 19, 81, 82]. The data also suggest that the two 

homologues may be positioned slight differently, if one refers to the two maxima at 60% and 80% 

radius. Moreover, our study provides ground-breaking data on the inter-loci distances of the 

AMACR gene in interphase nuclei of lymphocytes. With a mean distance of 7.7 µm, the 

homologous AMACR genes are relatively far apart from each other, as usually assumed for 

homologous genes or chromosomes [82].  

In order to improve the detection efficiency and to enter the meso- and nano-scale of 

chromatin architecture, SMLM can be applied [31, 54, 56, 65]. Alignment free search routines for 

uniquely binding oligo-nucleotides [65, 83] offer new perspectives to better understand the 

overall organization of chromatin and the effects of transposable and repetitive elements so far a 

highly challenging and controversial field of research [84-89]. The examples presented here 

demonstrate the capacity of SMLM in combination with COMBO-FISH to quantify the topology of 

chromatin organization. This can be supported by improved labelling combinations of COMBO-

FISH and immunostaining. Such measurements on the single molecule level resolve  co-localizing 

signals to closely neighboring signals and allow the quantification of single molecule arrangements.  

Our examples show that centromere probes are in close vicinity to Alu probes. Indeed, many 

transposable elements were also found to be interspersed into the satellite tandem arrays of 

centromeres [90, 91] and in pericentromeric regions [92-94] and might play important roles in 

centromere evolution [91] and function [95, 96]. It is also pertinent to mention that the nano-scale 

co-localizations indicated in our data can also arise due to the size of the labelling tags that may 
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lead the dye molecules to such a close vicinity (typically 15 nm or below) that they lie below the 

separation limit of the SMLM data algorithms used. Yet, the labelled target structures must lie at 

certain distances apart, depending on probe sizes and accuracy of SMLM localization that 

altogether still lie far below diffraction limited resolutions. This demonstrates the capabilities of 

COMBO-FISH in combination with SMLM, which enables multi-parametric analysis of nuclear 

structures and functions on the nano-scale.  

Our data representing the “Alu-network” in the cell nucleus allow an estimation of the 

chromosome territory size (about 4% of the signals) around the centroid of a centromere. 

Assuming that the labelling efficiency and detection efficiency do not vary between individual cell 

nuclei, the data reflect a different compaction of the chromosome 9 territories, whether they 

belong to more centrally located or the more peripherally located allele. The effect that 

homologous chromosome territories slightly differ in their sizes might not be surprising; the more 

surprising effect may be that the rough evaluation of SMLM data reflects this difference 

unambiguously. 

Furthermore, SMLM analysis of nuclei that were labelled by two COMBO-FISH probes for Alu 

and L1 in combination with antibodies against H3K9me3 heterochromatin was successfully 

performed. Analyses reveal how each chromatin landmark exhibits its own characteristic feature 

with respect to their nano-architecture. L1 specific and Alu specific probes as well as H3K9me3 

specific antibodies formed cluster-like structures with representative characteristics for each type 

of chromatin mark. Thereby, heterochromatin labelling tags by H3K9me3 antibodies form joint 

clusters with both L1 and Alu clusters, and regions with simultaneous presence of all three 

chromatin structures at close proximity were observable. Ripley’s K based spatial analysis revealed 

an enrichment of inter-point distances in the lower nanometer range for all three markers (Figure 

7). Interestingly, L1 and H3K9me3 spatial analysis resulted in highly similar features, thus providing 

evidence that they both might share similar chromatin nano-architectures that are, again, distinct 

from the Alu chromatin nano-environment. These results are in concordance with past findings 

that reveal L1 elements are enriched in inactive heterochromatic regions, whereas Alu elements 

are also highly present in active genomic regions. Follow-up studies will investigate the isolated 

and interconnected properties of multiple chromatin markers inside a single nucleus, as presented 

in this work, and will further elevate our knowledge about genome nano-architecture and its 

complex functions.  

In conclusion, the data presented in this article demonstrate typical and potential applications 

of COMBO-FISH in future investigations and its high variations of labelling. Combining this method 

with super-resolution recording and quantification approaches may contribute to a better 

understanding of genome architecture and mechanisms driven by topology and modifications of 

native chromatin structure.  

5. Conclusions 

Fluorescence microscopy of small nano-tags has become a powerful tool to study intact 

genome architecture and organization. In this work, we confirmed that COMBO-FISH labelling, 

together with both conventional and super-resolution fluorescence microscopy, can be applied to 

a variety of genomic targets for genome architecture research on the micro-, meso-, and nano-

scales. By studying chromatin landmarks like gene loci, centromeres, repetitive elements, and 
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histone marks, we could identify well-suited parameters to describe spatial organization in the 

nucleus from the micro- to nano-scale. We hope that this work motivates future research on 

COMBO-FISH and demonstrates that this labelling technique in combination with immunostaining 

may become a powerful tool for a wide spectrum of research-driven combinations of labelling.  
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