
UCSF
UC San Francisco Previously Published Works

Title
Insights into nuclear dynamics using live-cell imaging approaches.

Permalink
https://escholarship.org/uc/item/4vc9v5jj

Journal
WIREs Developmental Biology, 9(2)

Authors
Bigley, Rachel
Payumo, Alexander
Alexander, Jeffrey
et al.

Publication Date
2017-03-01

DOI
10.1002/wsbm.1372
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/4vc9v5jj
https://escholarship.org/uc/item/4vc9v5jj#author
https://escholarship.org
http://www.cdlib.org/


Insights into nuclear dynamics using live-cell imaging 
approaches

Rachel B. Bigley, Alexander Y. Payumo, Jeffrey M. Alexander, and Guo N. Huang*

Cardiovascular Research Institute and Department of Physiology, School of Medicine, University 
of California, San Francisco CA 94158, USA

Abstract

The nucleus contains the genetic blueprint of the cell and myriad interactions within this 

subcellular structure are required for gene regulation. In the current scientific era, characterization 

of these gene regulatory networks through biochemical techniques coupled with systems-wide 

“omic” approaches have become commonplace. However, these strategies are limited because they 

represent a mere snapshot of the cellular state. To obtain a holistic understanding of nuclear 

dynamics, relevant molecules must be studied in their native contexts in living systems. Live-cell 

imaging approaches are capable of providing quantitative assessment of the dynamics of gene 

regulatory interactions within the nucleus. We survey recent insights into what live-cell imaging 

approaches have provided the field of nuclear dynamics. In this review, we focus on interactions of 

DNA with other DNA loci, proteins, RNA, and the nuclear envelope.

Graphical Abstract

*Corresponding author: Cardiovascular Research Institute, School of Medicine, University of California, San Francisco. 555 Mission 
Bay Boulevard South, San Francisco, CA 94158, Tel: 415-502-2879. Guo.Huang@ucsf.edu. 

HHS Public Access
Author manuscript
Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2018 March 01.

Published in final edited form as:
Wiley Interdiscip Rev Syst Biol Med. 2017 March ; 9(2): . doi:10.1002/wsbm.1372.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Our DNA, the genetic blueprint of a cell, is housed within the nucleus. As such, the 

processes that take place within this cellular sub-structure ensure proper interpretation and 

regulation of the DNA code. This regulation is critical for controlling various aspects of 

biology including organismal development, cellular differentiation, proliferation, and 

maintenance. In recent decades, biochemical techniques have permitted dissection of the 

molecular and cellular interactions driving DNA regulation. However, often times these 

preparations require cellular fixation or destruction for observation and quantification. 

Recently, technical advancements in next-generation sequencing and mass spectrometry 

have enabled characterization of systems-wide “omic” level analyses of gene expression and 

translation, respectively. While these approaches are truly powerful in providing a 

comprehensive view of gene regulatory networks, they are limited in that they still only 

provide an isolated snapshot of gene regulation.

In our current era of scientific inquiry, we are capable of rapidly obtaining lists of important 

factors that drive a particular biological process. However, to truly gain a holistic 

understanding of function, these individual components should ideally be studied in the 

context of their native environments. Recent advancements in live-cell imaging approaches 

have paved a path to characterize biology in a dynamic and quantitative fashion through time 

and space. Our ability to make quantitative behavioral measurements of the nuclear 
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components driving gene regulation synergizes perfectly with the development of 

computational models to describe biological dynamics. Ultimately, biochemical assays and 

fixed-cell analyses to study genomic regulation at particular time points have guided our 

current understanding of nuclear interactions. However, we can now use various modes of 

microscopy and fluorescent protein labeling to observe a wide range of nuclear dynamics in 

live cells or tissues in real time. As the field advances further, scientists will develop cutting 

edge strategies to observe nuclear interactions directly in living organisms to understand 

how disruptions in normal biology to explain certain disease states.

In this review, we will survey recent biological insights gained into the dynamics of nuclear 

processes through the application of live-imaging strategies. More specifically, we will focus 

on DNA as the central molecule and then explore its interactions with other DNA loci, 

regulatory proteins, RNA, and the nuclear envelope (Figure 1).

DNA-DNA interactions

Within the nucleus, genetic material is organized dynamically in a manner reflecting the 

needs of the cell. Actively transcribed regions of DNA, known as euchromatin, adopt an 

open conformation allowing for binding of transcriptional modulators [1]. Conversely, 

silenced inactive regions of the genome, known as heterochromatin, are more closely 

associated with nucleosome occupancy and higher order structure, rendering the genome 

inaccessible [2]. Gene regulatory elements called enhancers can be located thousands of 

kilobases away from their target promoters and can influence transcription through DNA 

folding and three-dimensional organization [3]. Additionally, during mitosis, DNA is 

organized into tightly packaged chromosomes to promote the fidelity of its replication and 

segregation into two daughter cells [4]. Characterizing how DNA fluidly transitions between 

these states is fundamental to understanding gene regulation and cellular physiology.

Our understanding of DNA dynamics has traditionally been inferred from fixed cell 

analyses. Techniques such as fluorescent in situ hybridization (FISH) [5] and chromosome 

conformation capture (3C) [6] have provided invaluable insights into the localization and 

interactions of different genomic loci, respectively. However, the obligate fixation step for 

these approaches limits one to defined time points. Live imaging approaches have been 

employed to visualize the dynamics of specific genomic elements directly in live cells across 

time. In this section we will review recent insights that have been made through assessment 

of various genomic loci interactions within the nucleus.

One strategy to visualize distinct genomic elements in living cells relies on indirectly 

observing their localization using fluorescently-labeled proteins that specifically recognize 

these loci [7]. This approach has recently been used to examine the dynamics of telomeres, 

structures essential for protecting chromosomal ends consisting of DNA repeats bound by 

several proteins. By generating GFP-fusions of two major telomeric binding proteins, TRF1 

and TRF2, Wang et al. visualized the movement of telomeric repeats in a human bladder 

carcinoma cell line [8]. Time-lapse imaging revealed that the motility of individual 

telomeres within the same nucleus was extremely heterogenous compared to that of internal 

heterochromatic regions. Shorter telomeres exhibited increased motion and required energy 

Bigley et al. Page 3

Wiley Interdiscip Rev Syst Biol Med. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from ATP hydrolysis. Interestingly, extending telomere length through overexpression of 

telomerase decreased telomere motility and rendered motion more homogenous. 

Furthermore, cells overexpressing a mutant telomerase leading to deprotection of telomere 

ends without changes in length resulted in increased motion while DNA damage, induced by 

treatment with methyl methanesulfonate, did not alter telomere motion. These data 

suggested a model where short, uncapped telomeres demonstrated increased motility and 

greater speed, which enabled them to sample more volume in the nucleus. As telomere 

shortening has been linked to genomic instability, understanding these rapid changes in 

telomere dynamics may provide additional insights into the progression of cancer [9].

A major drawback of strategies relying on overexpression of DNA binding protein fusions to 

visualize genomic loci is that care must be taken to ensure that ectopic levels of protein 

expression do not interfere with the biology studied, especially if the proteins expressed 

have biological activity. Even if knock-in strategies are employed, validation of fusion 

protein function is still necessary. Additionally, strategies relying on DNA binding protein 

localization as a readout of genomic position are limited in that the flexibility to target any 

genomic sequence is lacking. Circumventing some of these limitations, the Type II CRISPR 

(clustered regularly interspaced short palindromic repeats) system derived from 

Streptococcus pyogenes [10], has recently been repurposed for live-imaging of genomic loci. 

In this system, a mutant Cas9 protein lacking nuclease activity (dCas9) is fused to GFP and 

targeted to specific genomic loci by a small guide RNA (sgRNA) and a protospacer adjacent 

motif (PAM) [11]. The power of this system is the flexibility to theoretically target any 

genomic loci using specifically designed sgRNAs. Using sgRNAs targeting 5 to 15 kilobase 

pair stretches of the TTAGGG repeats found within telomeres, Chen et al. validated the use 

of this system and visualized telomere length and number in live human cells at efficiencies 

comparable with peptide nucleic acid (PNA) FISH [12]. Using this strategy to visualize 

telomere dynamics, Chen et al. also corroborated the finding that longer telomeres exhibited 

slower movement.

To illustrate the adaptability of the CRISPR system to image protein coding regions of the 

genome, Chen et al. next designed sgRNAs allowing recruitment of dCas9-GFP to both 

repetitive and non-repetitive elements of the MUC4 gene, which encodes a glycoprotein 

required to protect mucus in diverse epithelial tissues [12]. Time-lapse imaging revealed that 

MUC4 loci exhibited motion behaviors similar to telomeres where confined movement was 

observed at short (< 5 s) time scales while macroscopic movements were observed over 

longer durations. Furthermore, the dynamics of replicated MUC4 loci were observed during 

late S and G2 phases, indicating that paired MUC4 loci on sister chromatids often reached 

over 1 μm in distance which remained relatively constant over several hours. This suggests 

that these elements are stably dispersed along the genomic DNA. Finally, the reorganization 

of MUC4 loci was tracked during cell division. During prophase and metaphase, MUC4 
puncta were localized near the ends of the chromosomes reflecting their genomic positions 

near telomeres. Separation of MUC4 puncta initiated at anaphase and mirrored each other at 

both poles of the microtubule spindle. Interestingly, this mirror-image relationship was 

maintained after daughter cell formation, illustrating the power of this technology to further 

study questions in mirror symmetry of initial chromosome packaging in individual daughter 

cells.
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Recently, an orthogonal Cas9 system was developed from Staphyloccocus aureus, opening 

the door for simultaneous imaging of multiple genomic loci, which further expanded the 

versatility of Cas9-based technologies to live-image the dynamics and interactions of 

multiple genomic elements within the same nucleus [13]. Using this system, two genomic 

regions of the MUC4 locus were simultaneously imaged with the power to resolve genomic 

distances less than 300 kilobases apart. The development of these recent approaches 

provides researchers new tools to elucidate the interactions of DNA elements in a number of 

physiological contexts. Cas9-based imaging has proven a powerful tool to visualize these 

interactions in isolated cultured cells. It will be of interest to determine if these genetic 

labeling strategies will be of use to image these genomic transitions in model organisms. 

However, with any strategy relying on binding of a fluorescent reporter to indirectly 

visualize genomic loci, interpretation of the results must be made with caution as these 

imaging strategies must first rely on the openness and accessibility of chromatin to allow 

initial binding of reporter proteins. In furthering our understanding of how mistakes in 

DNA-DNA interactions can result in various disease states, CRISPR/Cas9 imaging has great 

potential to truly elucidate the mysteries of nuclear dynamics in vivo.

DNA-Protein interactions

To elicit control over any chromatin-templated process, proteins must interact with the 

genetic material. These proteins range from RNA polymerase and DNA polymerases to 

DNA-binding transcription factors (TFs) that act as repressors, activators, or architectural 

proteins [14–19]. Using biochemical assays such as chromatin immunoprecipitation (ChIP), 

coupled with next generation sequencing, high-content maps of protein-DNA interactions 

have been generated and the consensus sequences of many DNA binding domains have been 

characterized [20–22]. To understand how binding of regulatory proteins modulates genome 

function within cells, we must strive to study these interactions in their native cellular 

contexts. In this section, we will highlight recent studies illustrating how imaging 

approaches have generated important insights into the dynamics of TF oligomerization, 

localization, and DNA binding.

As a prerequisite for binding to DNA, transcription factors often form protein complexes 

with themselves or other binding partners. These interactions, however, are typically inferred 

from biochemical assays. To highlight the importance of examining transcription factor 

dynamics in living systems, we will examine how live-cell imaging approaches have yielded 

surprising insights into the requirement for glucocorticoid receptors (GR) oligomerization in 

transcriptional control. Without ligand, GRs primarily are localized to the cytoplasm. Ligand 

binding induces translocation of the GRs into the nucleus where they can regulate gene 

expression by directly interacting with DNA or by interacting with other transcription 

factors [23, 24]. Though their DNA binding interactions have been mapped previously [25], 

the requirement of GR oligomerization for DNA binding has remained unclear. It was 

commonly believed that GR homodimerization was an essential step for GR transcriptional 

regulation, but this relationship had not been fully characterized. Using the number and 

brightness method to model GR oligomerization state in cultured cells, Presman et al. 

examined the oligomerization dynamics of GRs and correlated this activity with 

transcriptional regulation [26]. Unexpectedly, they observed that GR monomeric versus 
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dimeric states had minimal effect on transcriptional activity of target genes. These results 

have important implications in drug design strategies that focus on the identification of 

ligands to promote monomeric versus dimeric GR oligomerization states and challenge the 

functional relevance of GR oligomerization in transcriptional control. Ultimately, findings 

such as these need to be confirmed in a live organism since cultured cells have very different 

physiological environments compared to their native environment.

While biochemical assays are capable of demonstrating physical interaction between 

proteins and their target sequences, live-imaging approaches are necessary to quantify the 

dynamic properties of these protein-DNA interactions in their native systems. To directly 

monitor the dynamics of specific transcriptional modulators and their targeted loci in living 

cells, a common strategy begins with labeling the protein of interest with a fluorescent 

marker [7]. This strategy has been applied successfully to visualize the binding of heat shock 

factor (HSF) to DNA and its regulation of hsp70 transcription in the polytene nuclei of 

cultured Drosophila salivary glands. Polytene nuclei consists of oversized chromosomes 

derived from multiple rounds of endoreplication [27], thus facilitating the direct 

visualization of transcription factor-DNA interactions using conventional multiphoton 

microscopy [28]. Yao et al. monitored the dynamics of a HSF-EGFP reporter and observed 

that before heat shock, the fusion proteins localized to the nucleus [29,30]. In this state, 

fluorescence recovery after photobleaching (FRAP) assays revealed that HSF-EGFP 

exhibited rapid exchange at chromosomal loci. Interestingly, after heat shock, HSF-EGFP 

was found to translocate to distinct chromosomal loci and exhibited much slower exchange 

kinetics as determined by FRAP. Furthermore, by monitoring the localization of RNA 

Polymerase II as a readout of transcription, Yao et al. revealed that turnover or disassembly 

of the transcriptional activator was not required for subsequent rounds of hsp70 
transcription. Ultimately, by using live Drosophila tissue these studies have revealed insights 

into the binding kinetics of HSF and transcriptional regulation of downstream target genes.

Gene regulation often involves the activities of multiple transcriptional regulators working in 

combination [31]. In contrast to the above example, single-molecule live-imaging 

approaches, along with computational modeling, are capable of revealing how these 

cascades are orchestrated in living systems. The pluripotency regulators SOX2 and OCT4 

are master transcriptional regulators of embryonic stem cell-specific gene networks. Both 

factors are thought to bind to composite DNA elements that nucleate the assembly of an 

enhanceosome complex which regulates embryonic stem (ES) cell pluripotency [32]. Using 

both epi-illumination and Bessel plane illumination 2D single molecule tracking (SMT) and 

fast 3D SMT multifocus microscopy [33,34], Chen et al. developed kinetic models of SOX2 

and OCT4 which were capable of quantifying search times for these factors in finding their 

respective binding sites and their residence times when bound to DNA [35,36]. Using 3T3 

cell-lines that stably express a fluorescently tagged SOX2 and inducible OCT4, or vice 

versa, the binding interdependencies were ascertained. Intriguingly, OCT4 overexpression 

resulted in a modest increase in SOX2 residence time without affecting search time, 

suggesting that OCT4 primarily helps to stabilize SOX2 binding on DNA. Conversely, when 

SOX2 expression was induced, a considerable increase in both OCT4 residence and search 

time was observed. From these experiments, it was proposed that SOX2 and OCT4 follow a 

trial-and-error sampling method involving 3D diffusion and non-specific collisions before 
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reaching their target binding sites. Additionally, these results support a model whereby 

SOX2 engages the DNA first to promote OCT4 binding. These results have revealed a 

detailed example of how using live imaging techniques can uncover intricate details of TF 

interactions with their binding sites on DNA.

While transcription factor networks have received much attention, the 3D spatial 

organization of regulatory elements within the nucleus and its influence on transcription 

activity have remained enigmatic. In recent work by Liu et al., lattice light-sheet microscopy, 

single molecule trafficking, and ChIP-exo, combined with numerical simulations, revealed 

the organization of SOX2-enhancer clusters in ES-cells [37]. SOX2 enhancer sites formed 

distinct 3D-clusters that were unique from heterochromatin domains but overlapped regions 

enriched with RNA polymerase II. While SOX2 is thought to search for its target sequences 

through a 3D-diffusion dominant model, enhancer clustering is thought to perhaps decrease 

global search efficiency but fine-tune TF search parameters in distinct local domains. These 

results illustrate the power of live-imaging approaches and computational models to reveal 

systems-level interactions between the DNA landscape and transcription factor dynamics.

DNA-RNA interactions

The central dogma of molecular biology, or the progression from DNA to RNA to protein, 

relies on the initiation of transcription. Transcription begins when transcriptional activators 

bind to gene regulatory elements allowing the recruitment of RNA polymerase II [38]. The 

result of transcription is the production of messenger RNA (mRNA) from the template DNA 

containing both exons and introns, which are protein-coding and non-protein coding 

elements, respectively. These nascent pre-mature transcripts then undergo splicing, where 

introns are removed from the mRNA sequence and exons are stitched together [39]. The 

variety of isoforms that can be generated through splicing from a single gene can augment 

the diversity of functions of the resulting proteins [39,40]. After splicing, the mature mRNA 

is exported from the nucleus, translated in the cytoplasm by ribosomes, and the resulting 

peptides are folded and assembled into functional units [41]. Understanding the details 

underlying this process is critical to paint a complete picture of how disruptions or mistakes 

during transcription can lead to disease states.

With the advent of next generation sequencing technologies, it is currently possible to 

catalog entire transcriptomes in a quantitative manner, even at single-cell resolution [42]. 

Hybridization strategies permit visualization of messenger RNA localization in single-cells 

[43]. However, these strategies are limited in that they only provide a snapshot of gene 

expression, as observations cannot be readily applied to living cells. In this section, we will 

review several examples that make use of MS2-dependent labeling strategies to tag a 

specific messenger RNA of interest [44] in order to provide insights into the dynamics of 

transcription and splicing.

The MS2 system is a powerfully versatile strategy for labeling RNAs with fluorescent 

proteins in living systems. The coat protein from the MS2 bacteriophage specifically binds 

to an RNA stem-loop structure of 19 nucleotides from the phage replicase gene [44]. Fusion 

of this MS2 coat protein to a fluorescent protein of interest allows labeling of any RNA 
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containing multimers of the MS2 stem-loop motif. This strategy can be utilized across a 

number of organisms including bacteria, plants, and higher eukaryotic cells [45–49]. In 

comparison to strategies employing detection of RNAs using a fluorescently tagged RNA-

binding protein [50,51], the MS2 system allows for increased detection specificity because 

only RNAs containing the stem loop motifs will be observed while RNA-binding proteins 

may recognize a plethora of RNA targets.

Prior to the development of the MS2 system, it had not been possible to visualize 

transcriptional activity of a single gene within eukaryotic cells. In 2006, Chubb et al. 

described the first application of the MS2 system to visualize transcriptional dynamics of the 

discoidin Ia (dscA) gene, a developmental regulator in Dictyostelium, a eukaryotic and 

phagotrophic bacterivore [52]. In this study, they used conventional fluorescence microscopy 

to visualize the integration of a cassette of 24 MS2 stem loops integrated into the 

endogenous dscA locus using GFP fused to the phage MS2 coat protein. Interestingly, these 

visualizations revealed the first account of eukaryotic transcriptional bursting kinetics, where 

pulses of gene activity were turned on and off at irregular intervals. Though the length and 

height of the pulses seemed to remain consistent during the development of the organism, 

there was strong variation in transcriptional pulse activity amongst a given population of 

cells. Cells that had previously undergone transcription seemed more likely to re-initiate 

transcription compared to naive cells initiating new transcription. Furthermore, 

computational algorithms were used to indicate synchronous transcription initiation in 

neighboring cells.

Recently, Suter et al. examined transcriptional bursting of several mammalian genes in living 

cells [53]. In addition to analyzing transgenic cell lines expressing labeled RNAs with the 

MS2 system, they also established gene trap cell lines using an alternate strategy to express 

short-lived luciferase protein derived from short-lived unstable mRNA. Their experiments 

were based on the principle that if both mRNA and protein products are short-lived, protein 

expression should reflect the transcriptional bursting kinetics. Using real-time 

bioluminescence recordings in single cells and mathematical modeling, they found that the 

dynamics and quantity of mRNA transcripts produced in individual mammalian genes 

exhibited unique, gene-specific bursting behaviors that could be altered by modulating the 

cis-regulatory DNA elements. Further experiments using recordings of transcriptional 

kinetics in living systems will provide additional insights into the systems-level organization 

of transcription.

In addition to revealing properties in the transcriptional process, the MS2 system has also 

been employed to observe how nascent RNAs are further processed and spliced into mature 

mRNAs. Schmidt et al. conducted a small-scale survey of 40 different introns in the human 

genome and found that most splicing events occurred co-transcriptionally [54]. They next 

developed a system to observe co-transcriptional splice kinetics by incorporating four 

repeats of the MS2 stem loops within the MINX intron, a synthetic sequence containing 

strong adenoviral splice signals. To increase the frequency of co-transcriptional splicing, the 

tagged MINX intron reporter was placed upstream of the Lac-Z gene. This intron reporter 

was then compared to constructs containing MS2 stem loops in exon 2 of the Lac-Z gene 

and to splice acceptor mutants, which were incapable of splicing. Comparison of the splicing 
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dynamics of these constructs revealed that intron removal occurs on a timescale of minutes 

and computational modeling revealed that this likely occurs through several successive steps 

that are rate-limiting. These results suggest a kinetically controlled process where each pre-

mRNA molecule is thought to require similar splice times. Thus, the MS2 system was an 

important advancement to understand how details of DNA-RNA interactions are critical in 

preparing the mRNA transcript for its final destination.

DNA-Nuclear envelope interactions

The nuclear envelope (NE) in eukaryotes is important to protect and store DNA, to prevent 

harmful materials from entering the nucleus, and to allow critical molecules, including 

mRNA or transcription factors, to enter or exit the nucleus [55]. Genetic mutations affecting 

the integrity of the NE have been linked to cancer. Therefore, elucidating NE-DNA 

interactions is crucial to advance our knowledge of cancer therapies [56]. Previous methods 

have revealed important physical components of the NE. Electron microscopy, for example, 

revealed an inner versus an outer nuclear membrane, now known to be two lipid bilayers, 

that were continuous with the endoplasmic reticulum [57]. From fixed cell analysis, the 

variation in the location of chromosomes relative to the nuclear envelope across species was 

observed. For example, yeast telomeres have been shown to congregate more around the 

periphery of the nucleus, whereas in mammals, the telomeres are located more centrally on 

average [58]. Additionally, it is suspected that there may exist higher levels of chromosome 

organization that involve interactions with the nuclear envelope, more specifically in the role 

of gene silencing [59]. Furthermore, it has also been proposed that lamina protein-DNA 

interactions play important roles in the formation of the NE itself [60]. Although much has 

been discovered about the NE and its role in transcription, chromosome organization, and 

cell division, visualizing the dynamics of DNA-NE interactions is required to detail the 

intricacies of these interactions. In this section, we will survey recent insights gained using 

live-cell imaging techniques to uncover the precise interactions between DNA and the NE in 

the areas of epigenetics and telomere biology.

Regions of the genome termed laminar associated domains (LADs) interact with the nuclear 

lamina (NL) and are enriched with repressed transcriptional activity [61,62]. Using imaging 

tools from static electron micrographs to high resolution light microscopy have revealed 

interactions between DNA loci and the NL [63,64]. However, only recently has live-imaging 

techniques been applied to discover how the LAD-NL interactions evolve overtime. Kind et 

al. applied a novel approach expressing a fusion protein containing the E. Coli DNA adenine 

methyltransferase (Dam) and Lamin B1 to synthetically label any DNA in molecular contact 

with the NL [65]. As these modifications are covalent, any genomic loci to ever interact with 

the NL will be labeled. Cleverly utilizing the ability of the DpnI restriction enzyme to 

recognize methylated DNA, DpnI truncation fusions with EGFP were co-expressed to 

recognize and label the covalently modified DNA. Using time-lapse imaging of their 

reporter constructs, the dynamics of LAD-interacting DNA were visualized, demonstrating 

that LADs at the nuclear periphery were primarily associated with heterochromatin, which is 

condensed and marked by H3K9me2, a repressive epigenetic marker. Additionally, the role 

of the H3K9 methyltransferase G9a was revealed as an important modulator of this process. 

Further analysis of LAD dynamics revealed that LAD positions are not inherited after cell 
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division but are instead stochastically reshuffled. All in all, this study represents a beautiful 

example of the power of live-imaging approaches to elucidate complex systems-level 

interactions between the genome and nuclear lamina and further emphasizes the critical 

function of this structure in regulating gene expression.

While telomere dynamics have been visualized in living cells, as highlighted in a previous 

section, it is unclear how these structures behave during nuclear reassembly after mitosis. To 

visualize telomere mitotic behavior, Crabbe et al. labeled telomeres in living human cells 

with TRF1-EGFP and chromatin with histone H2B fused to the mCherry fluorescent protein 

[66]. Interestingly, telomeres seemed to localize to the nuclear periphery and interacted with 

the NL following mitosis. Quantification of subnuclear position demonstrated that almost 

half of all telomeres localize in this manner during the reassembly of the nuclear envelope. 

Using chromatin immunoprecipitation, it was then revealed that telomeres are physically 

anchored to the nuclear envelope during reassembly. The discovery of this telomere 

tethering mechanism highlights an interesting regulatory strategy that could impact on 

telomere-dependent processes including nuclear organization, cell division, and gene 

regulation.

Heterochromatin is prone to harmful double stranded breaks that have been associated with 

difficult repair. Interestingly, it has been recently shown that in order to repair these breaks, 

damaged regions localize near the nuclear lamina [67]. The reasons for this reorganization 

remain ambiguous, but perhaps the use of live imaging may further elucidate the 

mechanisms behind this process.

Conclusion

In this review, we surveyed recent insights into the dynamics of nuclear processes that could 

have only been gained through the integration of live-cell imaging approaches. The 

application of fluorescent protein labeling has made it possible to directly visualize protein 

dynamics and track mRNA behaviors in the nucleus. Further, based on recent advancements, 

it is likely that the advent of Cas9-dependent labeling strategies, which has made it possible 

to image the dynamics of any genomic element in various cellular contexts, will continue to 

provide novel insights into nuclear interactions. Though CRISPR/Cas9 labeling technologies 

have been more widely applied in cultured cells, we expect that future advancements will 

allow direct visualization of nuclear interactions in living tissues. Imaging techniques have 

already been successfully performed in live tissue, such as with the Drosophila salivary 

glands [27–30]. However, we need to be able to observe cellular dynamics in live, intact 

organisms in order to truly elucidate how various disruptions of nuclear processes can lead 

to cancers or other diseases. This is where we anticipate CRISPR/Cas9 will play a key role 

in future developments.

Although live imaging approaches are advancing our knowledge of cellular dynamics, they 

can be fraught with potential experimental artifacts due to technical limitations. An example 

of an important live imaging strategy that requires optimization for future advancements is 

the dCas9-GFP technique, which enables us to visualize important chromatin interactions, 

specific genetic loci, or telomere dynamics. The critical limitations of the CRISPR/Cas9 
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system we need to consider include irregularities in the specificity of the sgRNAs, blocked 

target sequences from chromosome folding, and discrepancies in CRISPR component 

delivery methods that depend on the organism [68]. The specificity of the sgRNAs to their 

target sequences is critical for proper alignment of the dCas9-GFP fused protein. This 

requirement can depend on the sgRNA sequence, locus, or dosage, all of which can 

independently change the searching efficacy of dCas9. Another issue involves understanding 

how chromosome folding can affect the efficiency of recognition of the sgRNA to the target 

sequence. Lastly, delivery methodologies of CRISPR components to live organisms, and the 

respective microscopy required for imaging in whole organisms, will be crucial in advancing 

our knowledge of nuclear and cellular dynamics in vivo. These limitations are currently 

preventing scientists from exploring answers to questions that can only be addressed in a 

whole organism system. Currently, observing nuclear dynamics in their native environment 

is difficult because of microscopy or imaging limitations. Therefore, this dCas9-GFP system 

is important to optimize for gene therapy purposes or potential chemotherapeutic methods.

Using both fixed and live imaging approaches, we are now able to uncover many nuclear 

processes, from interactions between different DNA loci, DNA and protein, DNA and RNA, 

or DNA and the nuclear envelope, as outlined in this review. We can observe snapshots of 

genome organization by using fixed approaches, such as FISH, and we can also observe 

localization and timing of protein-protein interactions using fluorescent labeling and time-

lapse imaging. In the future, we will hopefully be able to observe nuclear dynamics within 

live organisms. Nevertheless, live-cell imaging methods will continue to provide a deeper 

understanding of the biology within the nucleus.
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Figure 1. Overview of nuclear interactions surveyed through the application of live imaging 
approaches
Transcriptionally silenced heterochromatic DNA (thick red lines) is associated with the 

nuclear envelope through interactions with the nuclear lamina (blue lines). Transcriptionally 

active DNA (thin red lines) is dynamically regulated through complex three-dimensional 

organization and through interactions with transcriptional regulators (purple circles). 

Actively transcribed regions permit binding of RNA polymerase (orange circle) and 

production of messenger RNA (black lines).
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