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ABSTRACT

Background: The organization of chromosome territory (CT) is of fundamental importance for genome
regulation, transcriptional control, DNA replication and chromatin stability. Traditional bulk-cell genomic studies
often mask cell-to-cell variability and miss the dynamic spatial genome architecture within individual nuclei.
Objective: We have been developing advanced single-cell genomic imaging approaches to investigate the
spatiotemporal dynamics of chromosome territory organization and its functional implications in nuclear
architecture and gene regulation.

Methods: We used a variety of imaging methods including Fluorescence In Situ Hybridization (FISH), CRISPR-
based live-cell genomic imaging, super-resolution microscopy, and multiplexed DNA imaging to visualize spatial
chromosome arrangements at single-cell resolution. Quantitative image analysis was used to determine radial
chromosome positioning, inter-territory interactions and temporal nuclear reorganization.

Results: Results showed significant spatial heterogeneity between individual cells, with ~35% variation in the
chromosome radial positioning in different cell-cycle phases. Super-resolution imaging increased the localization
precision to about 30 nm, and live-cell CRISPR imaging uncovered dynamic repositioning of chromosomes in
response to transcriptional activation and chromatin remodeling. Multiplexed imaging also revealed increased
frequencies of interchromosomal interactions under the cellular stress conditions.

Conclusion: Single-cell genomic imaging is crucial for deciphering chromosome territory dynamics, epigenetic
regulation and disease-associated nuclear reorganisation with promising applications in cancer genomics,
developmental biology and precision medicine.

KEYWORDS: Chromosome territories, single-cell imaging, spatial genomics, super-resolution microscopy,
CRISPR imaging, nuclear architecture, epigenetics, genome organization.

1 INTRODUCTION

The spatial organization of the genome inside the cell nucleus is a fundamental determinant of gene expression,
chromatin accessibility and cellular function. Eukaryotic cells organize their chromosomes non-randomly into
discrete three-dimensional (3D) compartments, called chromosome territories (CTs), where each chromosome is
confined to a preferential domain in the nucleus [1]. The concept of chromosome territories is derived from early
microscopic observations and has been greatly enhanced by the development of fluorescence imaging and
genomic technologies [2]. Recent studies show that CT positioning is highly dynamic and affected by
transcriptional activity, epigenetic modifications and developmental states [3]

Chromosome imaging was initially carried out by conventional karyotyping and electron microscopy and later by
fluorescence in situ hybridization (FISH), which allowed the visualization of individual chromosomes in
interphase nuclei [4]. Recent advances in super-resolution microscopy, CRISPR-based live-cell imaging,
multiplexed DNA labeling, and spatial genomics [5,6] have greatly improved the spatial and temporal resolution
of nuclear imaging. These technologies now permit the visualization of chromatin movement and
interchromosomal interactions in real-time at single-cell resolution.

1.2 Biological Importance

The organization of chromosome territories is one of the major regulators of nuclear processes such as gene
transcription, DNA replication, DNA repair and cell differentiation [7]. Regions of chromosomes with a high gene
density are found in the interior of the nucleus, whereas transcriptionally inactive regions are preferentially located
near the periphery of the nucleus [8]. The spatial organization of the genome also contributes to the timing of
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replication and chromatin compartmentalization, which in turn modulates genome stability and epigenetic
regulation [9].

In addition, CT dynamics play a role in DNA damage response pathways where damaged loci are relocated within
the nucleus for efficient repair [10]. During stem cell differentiation and developmental transitions, extensive
spatial reorganization of chromosomes is associated with lineage-specific gene activation and chromatin
remodeling [11]. Abnormal CT arrangements have also been linked to cancer, aging and neurological disorders,
indicating their importance in disease biology [12].

1.3 Challenges

Studying chromosome territory dynamics is still challenging despite major technological advances owing to the
intrinsic spatial heterogeneity between individual cells. Bulk-cell genomic analyses usually average nuclear
features over populations, hiding rare structural variations and transient chromatin interactions from us. Moreover,
resolution of imaging, photobleaching and signal-to-noise ratio issues prevent accurate long-term visualization of
chromosomal movement. The dynamic changes of nuclear architecture during the cell cycle and environmental
stresses add further complexity to spatial genomic analysis.

1.4 Study Aim

In this review, we seek to introduce and assess state-of-the-art single-cell genomic imaging approaches to study
the dynamics of chromosome territory organization. The focus is on cutting-edge imaging platforms like FISH,
CRISPR-based live-cell imaging, super-resolution microscopy and multiplexed DNA imaging to understand
spatial genome organization and nuclear function at single cell resolution.

2 BACKGROUND WORK

2.1 Chromosome Territory Theory

The chromosome territory (CT) theory describes the non-random spatial organization of chromosomes in the
interphase nucleus, in which each chromosome resides in a specific three-dimensional space that is associated
with transcriptional regulation and chromatin accessibility [13]. Recent studies have shown that spatial
compartmentalization of the genome influences enhancer-promoter interactions, epigenetic regulation and nuclear
architecture stability [14]. Chromosome conformation analyses with advanced technologies revealed that CT
organization is dynamically changed during the differentiation process, stress responses and disease progression.

2.2 Conventional Imaging Approaches

Visualization of chromosomal organization has been based on traditional chromosome imaging techniques such
as karyotyping, fluorescence in situ hybridization (FISH) and spectral imaging. Karyotyping allowed large-scale
detection of chromosomal abnormalities, while FISH enhanced locus-specific visualization in interphase nuclei
[15]. Later, spectral imaging technologies improved the multicolor chromosome discrimination and allowed
simultaneous observation of multiple chromosomal regions. These methods, however, were mostly restricted to
fixed cells and did not allow temporal resolution for studying dynamic chromosome behavior.

2.3 Advanced Single-Cell Genomic Imaging

Recent progress in single-cell genomic imaging has greatly enhanced the understanding of the CT dynamics. Live-
cell genomic imaging by CRISPR-dCas9 systems allows for real-time visualization of chromosomal loci in living
cells with high specificity [16]. Currently, multiple DNA imaging techniques have been developed to visualize
hundreds of genomic regions at the same time with nanoscale resolution [17]. The combination of spatial
transcriptomics with imaging platforms allows obtaining a joint structural and functional analysis of nuclear
organization [18]. Furthermore, the application of artificial intelligence (Al)-assisted image reconstruction and
segmentation algorithms has enhanced signal detection, reduced imaging noise, and allowed for automated
chromatin analysis in large-scale datasets [19].

2.4 Current Research Gaps

Despite advances in technology, there are still a number of limitations to studying the dynamics of chromosome
territories. Live-cell imaging is still limited by low temporal resolution, while photobleaching and phototoxicity
limit super-resolution microscopy. Multiplex imaging produces highly complex data sets that require advanced
Al-based segmentation tools. Furthermore, the lack of longitudinal observations limits the ability to follow the
long-term reorganization of CT, emphasizing the need for real-time high-throughput imaging systems.

3 MATERIALS & METHODS

3.1 Experimental Design

The experimental workflow was designed to probe the dynamics of chromosome territory (CT) organization in
single cells by state-of-the-art genomic imaging approaches. The study was structured in seven successive steps:
(1) cell culture preparation, (2) nuclear labeling, (3) single-cell genomic imaging, (4) image acquisition, (5) image
pre-processing, (6) spatial genomic analysis and (7) statistical interpretation. To study spatial genome organization
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in different cellular states, human fibroblasts and induced pluripotent stem cells (iPSCs) were grown in a
controlled laboratory environment. Figure 1: The entire workflow for image acquisition and computational
analysis.
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Figure 1. Experimental workflow for single-cell genomic imaging and chromosome territory analysis.

Figure 1 is overview of experimental workflow for single-cell genomic imaging and analysis of chromosome
territory (CT) organization. The workflow starts with cell culture preparation and nuclear labeling for the
preservation and visualization of chromatin structures. Subsequent advanced microscopy techniques for single
cell genomic imaging and image acquisition are then used. The obtained images are processed through image
preprocessing to enhance the signal quality and segmentation accuracy. Finally, spatial analysis and statistical
interpretation are applied to assess chromosome positioning, interchromosomal interactions, and dynamic nuclear
architecture in individual cells.

3.2 Cell Lines and Sample Preparation

Human fibroblast and stem cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal
bovine serum (FBS) and incubated at 37°C in 5% CO.. Cells were fixed with 4% paraformaldehyde for 15 min to
preserve nuclear architecture for imaging. Nuclear DNA was visualized by staining with 4’,6-diamidino-2-
phenylindole (DAPI) in order to visualize chromatin organization and to allow for nuclear segmentation [13].

Table 1. Cell culture and sample preparation parameters

Parameter Description

Cell type Human fibroblasts / iPSCs
Culture medium DMEM + 10% FBS
Incubation conditions | 37°C, 5% CO.

Fixation method 4% Paraformaldehyde
Nuclear staining DAPI

3.3 Imaging Techniques Used

A. Fluorescence In Situ Hybridization (FISH)

FISH analysis was carried out with chromosome specific fluorescent probes prepared by nick translation labelling.
Chromosome specific territories were identified by overnight hybridization at 37 °C with washing and
fluorescence detection [15].

B. CRISPR-dCas9 Live Imaging

CRISPR-dCas9 genomic imaging enabled real-time tracking of chromosomal loci. We designed single guide
RNAs (sgRNAs) that target repetitive regions of the genome and linked them to fluorescent proteins to visualize
chromatin in living cells.

C. Super-Resolution Microscopy

STORM and PALM imaging techniques visualized chromatin structures at the nanoscale level. These techniques
increased the resolution of imaging to approximately 20—50 nm, which allowed detailed visualization of CT
boundaries and chromatin interactions [17].
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D. Multiplexed DNA Imaging

Simultaneous imaging of multiple genomic loci in single nuclei was performed using sequential hybridization and
barcode-based genomic labeling schemes. This approach enhanced spatial mapping accuracy and multiplex
detection efficiency.
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Figure 2. Representative imaging modalities used for chromosome territory analysis.

Figure 2 shows the major imaging modalities used for chromosome territory (CT) analysis in single cells. The
figure shows a comparison between conventional and advanced genomic imaging techniques, such as
Fluorescence In Situ Hybridization (FISH), CRISPR-dCas9 live-cell imaging, super-resolution microscopy
(STORM/PALM), and multiplexed DNA imaging. Each modality has its advantages for imaging chromatin
organization, chromosome positioning and nuclear dynamics. These approaches allow high resolution spatial
mapping, real time tracking of chromosomes and global analysis of genome architecture in individual nuclei.

3.4 Image Acquisition Parameters
Images were acquired with a 100x oil immersion objective lens with laser excitation sources of 488 nm and 561
nm. Z-stack images were acquired with 0.2 um spacing and 50—100 ms exposure times.

Table 2. Imaging acquisition parameters
Imaging Parameter | Value

Objective lens 100% oil immersion
Laser wavelength | 488 nm /561 nm

Resolution 20-50 nm
Exposure time 50-100 ms
Z-stack interval 0.2 pm

3.5 Image Processing and Data Analysis

Image preprocessing and computational analysis were performed using Imagel/Fiji, CellProfiler, MATLAB,
Python and Imaris software platforms. Chromosomal boundaries were identified by nuclear segmentation
algorithms, and interactions between territories were quantified by mapping spatial distance. We also calculated
CT overlap coefficients and performed analyses of radial positioning to assess the spatial distribution of
chromosomes within nuclei [19].
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Figure 3. Computational pipeline for image preprocessing and spatial genomic analysis.
The computational workflow of pre-processing of genomic imaging data and spatial analysis of chromosome
territories is shown in Fig. 3. The pipeline starts with raw image acquisition, followed by noise reduction, contrast

Computational Pipeline
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enhancement, and nuclear segmentation. The processed images are then used for feature extraction, quantification
of fluorescence and detection of chromosomal boundaries. Spatial genomic analysis includes measuring radial
positioning, mapping interchromosomal distances, and assessing chromosome territory overlaps. Finally, we use
statistical modeling and visualization tools to interpret patterns of chromatin organization and dynamics of nuclear
architecture in single cells.

4 RESULTS & DISCUSSION

Single-cell genomic imaging revealed a remarkable spatial heterogeneity of chromosome territory (CT)
organization within single nuclei. Advanced imaging platforms have been successfully used to visualize
chromosome positioning, chromatin interactions and nuclear reorganization in various cellular states. We
observed distinct patterns of CT arrangement, dynamic chromosome repositioning during cell cycle and stress-
induced chromatin remodeling. Furthermore, a comparative analysis revealed variability in imaging resolution,
live-cell imaging capability, and spatial mapping accuracy across the tested methods. The results reveal important
information on the dynamics of nuclear architecture and functional genome organization.

4.1 Visualization of Chromosome Territories

The nuclear interior was enriched for the ative chromosomal areas and the transcriptionally inactive ones were
located close to the nuclear periphery. Furthermore, we observed a significant heterogeneity of chromosome
distribution between cells, pointing to a dynamic spatial genome organization. Single cell FISH imaging revealed
different organizations of chromosome territories in interphase nuclei. Predominantly gene-rich chromosomes

Table 3. Quantitative analysis of chromosome territory positioning

Chromosome Type | Mean Radial Position (%) | CT Overlap Coefficient | Transcriptional Activity
Gene-rich CTs 32.5+4.1 0.18 High
Intermediate CTs 512453 0.27 Moderate
Gene-poor CTs 73.8+6.0 0.35 Low
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Figure 4. Representative single-cell chromosome territory maps using FISH imaging.

Figure 4 Representative FISH-based chromosome territory maps showing the spatial distribution of multiple
chromosomes within individual nuclei Different cells show distinct CT boundaries and a non-random pattern of
radial positioning, reflecting nuclear heterogeneity and non-random genome organization.

4.2 Dynamic Chromosome Repositioning

Live-cell CRISPR imaging demonstrated that chromosomes were actively repositioned in response to cell-cycle
progression, differentiation of stem cells and oxidative stress. We found that chromosomal loci were more mobile
during the S-phase and early differentiation stages, consistent with dynamic chromatin remodeling accompanying
transcriptional activation.

Table 4. Chromosome movement dynamics under different cellular conditions

Cellular Condition Mean CT Displacement | Interaction  Frequency | Nuclear

(um) (%) Reorganization
Cell cycle progression 1.8+ 0.3 42.5 Moderate
Stem cell differentiation | 2.6 + 0.5 58.1 High

Genetics and Molecular Research 25 (3s): 2026




Oxidative stress | 3.1 £0.4 65.7 Very High
response
A. Live-Cell B. Time-Lapse Imaging of
Imaging Setup Chromosome Territory Movement
0 min 30 min 60 min 90 min 120 min

&
|

-

v

Time

@ o1 & o3 cwa @ Ciws chee @ oy

C. Quantification of
Territory Movement

D. Summary of
Movement Metrics

Chromosome Territories

Figure 5. Time-lapse live-cell imaging showing chromosome territory movement.

Figure 5 shows sequential frames from live cell imaging of temporal chromosome territory movement during
different cellular states. Under stress conditions and differentiation processes increased chromosomal mobility
and altered spatial positioning is observed.

4.3 Comparative Performance of Imaging Techniques
Comparative evaluation revealed substantial differences in imaging capability among the applied genomic

imaging platforms.

Table 5. Comparative performance of chromosome imaging techniques

Technique Resolution | Live-cell Capability | Advantages Limitations

FISH Moderate | No High specificity Fixed cells only
CRISPR imaging | High Yes Dynamic tracking Off-target effects
STORM/PALM Very high | Limited Nanoscale imaging Expensive
Multiplex imaging | High Partial Multi-locus detection | Complex workflow

Major imaging techniques are summarized in table 5 with respect to spatial resolution, applicability to live cells
and analytical performance. Best spatial precision was obtained with super-resolution microscopy. Dynamic
tracking of chromosomes in living cells was achieved by CRISPR imaging.

4.4 Spatial Genomic Analysis

Spatial genomic analysis revealed normal radial chromosome distribution and elevated CT interaction frequencies
in transcriptionally active nuclei. There was a strong positive correlation between chromosomal proximity and
gene expression levels.

Table 6. Spatial genomic interaction analysis

Parameter Observed Value | Biological Interpretation

Mean CT interaction frequency | 61.4% Increased chromatin communication
Radial positioning variance 18.7% Nuclear heterogeneity

Gene expression correlation r=0.79 Strong spatial-transcriptional association
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Figure 6. Heatmap of chromosome interaction frequencies in single cells.

The heatmap displays frequencies of interactions between chromosome territories within single nuclei (figure 6).
Higher chromosomal interactions are related to transcriptionally active genomic regions and chromatin
remodeling, which are represented by increased intensities of warmer colors.

4.5 DISCUSSION

Our results show the highly dynamic and non-random organization of chromosome territories in space and that
this organization is modulated by transcriptional activity, differentiation and environmental stress. CT mobility is
likely important for the control of chromatin accessibility, DNA repair and epigenetic regulation. Genomic
imaging in conjunction with spatial transcriptomics further enhances our understanding of structure-function
relationships in the nucleus. Additionally, Al-assisted image analysis significantly improved the accuracy of
segmentation, chromosomal detection and interpretation of large-scale spatial data. Together, these advances
support the increasing importance of single-cell genomic imaging for the study of nuclear architecture and genome
reorganization in disease.

5 CONCLUSION

The present study demonstrated that approaches of single-cell genomic imaging provide powerful insights into
chromosome territory (CT) organization and dynamic nuclear architecture. Advanced imaging modalities
including Fluorescence In Situ Hybridization (FISH), CRISPR-based live-cell imaging, super-resolution
microscopy and multiplexed DNA imaging have successfully achieved high resolution visualization of
chromosome positioning, chromatin interactions and spatial genome compartmentalization. Results showed
significant cell-to-cell heterogeneity, dynamic chromosome repositioning during cell cycle and differentiation and
increased chromosome interaction frequencies under stress conditions.

Single-cell imaging approaches represent a major step forward in our understanding of genome regulation by
allowing direct visualization of chromatin organization in individual nuclei, rather than relying on population-
averaged data from bulk-cell analyses. Furthermore, spatial genomic analysis revealed robust correlations between
chromosome position, transcriptional activity and epigenetic regulation, underscoring the functional significance
of nuclear architecture in cellular processes.

The integration of state-of-the-art imaging technologies with computational image analysis and spatial genomics
provides promising applications in biomedical research and clinical diagnostics. Such approaches may help to
better understand cancer-associated chromosomal rearrangements, developmental disorders associated with
aberrant nuclear organization and patient-specific genome regulation patterns in precision medicine. In summary,
single-cell genomic imaging is a transformative platform for studying genome function, chromatin dynamics and
disease-associated nuclear reorganization.

6. Future Scope

In the future, chromosome territory analysis is likely to employ Al-based automated image processing and
chromatin segmentation to improve the accuracy of analysis and interpretation of large-scale data. Machine
learning algorithms could help to instantly detect spatial genomic patterns and automatically classify disease-
associated chromosomal aberrations.

The real-time four-dimensional (4D) genome imaging technologies will enhance the ability to track the dynamic
chromosome movements in the temporal and spatial dimensions of living cells. These approaches may lead to a
more profound understanding of transcriptional regulation, chromatin remodeling, and nuclear responses to
environmental stress.

Another promising direction is the integration of single-cell imaging with multi-omics platforms, such as spatial
transcriptomics, epigenomics and proteomics. Combining structural and functional genome analysis could
improve interpretation of cellular heterogeneity and regulatory networks.
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In addition, high-throughput spatial genomics platforms are expected to allow parallel analysis of thousands of
cells with improved resolution and computational scalability. These advances may facilitate translational
applications in cancer genomics, regenerative medicine, developmental biology, and personalized therapeutic
approaches.
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