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Abstract 

 Mammalian cells have two types of RNA; messenger RNA (mRNA) and 

non-coding RNA (ncRNA). mRNA is considered as a genetic transporter which 

is transcribed from a gene in nucleus and is transported to cytoplasm for 

producing its protein. Recent RNA imaging studies revealed that the subcellular 

distribution of mRNA is asymmetry, resulting to local gene expression. However, 

there is no ideal method to study the dynamics of mRNA, especially at the single 

molecule level, in living cells. Much less is known about ncRNA. Genome-wide 

analysis of RNA found that more than half of the transcripts are ncRNA. Among 

ncRNAs, particular attention has focused on the transcripts referred to as long 

non-coding RNAs (lncRNAs), operationally defined as being longer than 200 

nucleotides. Although, numerous studies showed that lncRNA has a critical role 

in gene expression, little is known about the mechanism of lncRNA. 

 In my PhD thesis, I develop a fluorescent probe for live cell imaging of 

endogenous RNA, applicable both mRNA and lncRNA, with single-molecule 

sensitivity. By using the probe, I investigated spatiotemporal information of 

β-actin mRNA and telomeric repeat-containing RNA (TERRA). The probe is 

designed to specifically target RNA. A domain of an RNA-binding protein, 

PUM-HD, was mutated to recognize the target sequence in RNA. Each split 

fragment of enhanced green fluorescent protein (EGFP) is conjugated to amino 

and carboxyl terminal of mutant PUM-HD. When the two probe molecules come 

close on the repeat region, EGFP is reconstituted between the adjacent probes. 

 I applied this probe to β-actin mRNA which produced cytoskeletal actin 

protein and a long non-coding RNA transcribed from a telomere, telomeric 



repeat-containing RNA (TERRA). Single-molecule imaging of β-actin mRNA 

revealed the localization of β-actin mRNA at the leading edge upon growth 

stimuli and the direct movement of β-actin mRNA along microtubules. Moreover, 

live-cell imaging of TERRA at the single-molecule level showed accumulation of 

TERRA around a telomere, a chromosome end which transcribes TERRA. By 

visualizing heterogenous nuclear ribonucleoprotein A1 (hnRNPA1), I found that 

TERRA localized in a telomere-neighboring region trapped diffusive hnRNPA1, 

thereby inhibiting hnRNPA1 localization to the telomere. Based on the 

single-particle analysis, I propose a mechanistic model how TERRA functions as 

a scaffold to hold hnRNPA1 around a telomere, inhibiting the localization of 

hnRNPA1 to the telomere. 
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1-1. Introduction 

The Human Genome Project discovered that less than 21,000 

protein-coding genes span occupy only 1.2% of the 3 billion DNA bases of the 

human genome [1]. After the Human Genome project, The Encyclopedia Of 

DNA Elements (ENCODE) project was initiated to provide a comprehensive 

picture of all functional elements within human genome by RNA 

deep-sequencing (RNA-seq) [2, 3]. Two important findings are that at least 75% 

of the genome is transcribed and that the most of the transcripts do not code 

proteins, named non-coding RNAs. With the rapid advancement of 

deep-sequencing and bioinformatics technologies, we are now revealing new 

RNA species, a functional diversity, as well as RNA-protein interactions [4, 5]. 

As the results, RNA was found to be a highly versatile molecule, such as coding 

proteins, serving as structural scaffold, performing enzymatic functions, and 

regulating gene expression. To perform these multiple functions, RNA 

production, maturation, interactions, and spatial distribution require tight 

regulation. However, molecules are fundamentally stochastic in nature, leading to 

diverse, spatiotemporally inhomogeneous distribution.  

Live cell imaging of RNAs at the single molecule level will reveal how 

individual RNAs get functions by summing the single molecule events. For 

example, ensemble experiments have shown that β-actin mRNA, which produces 

the cytoskeletal protein, actin, localizes to the leading edge of the cells [6, 7]. 

Single molecule imaging of the mRNA found that cytoplasmic distribution of the 

β-actin mRNA is a cumulative result of individual mRNAs either remaining 

stationary or undergoing (1) Brownian diffusion, (2) corralled motions, (3) active 
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transports [8, 9]. Despite the fact that 10-20% of the all β-actin mRNA exhibit 

biased motion, interrupting active transport significantly alters intracellular 

distribution [8]. 

In this chapter, I discuss advantages and disadvantages of the fluorescent 

probes for imaging RNA in living cells. To overcome the defects of the previous 

methods, I will propose a new strategy to visualize RNA, which is the main 

theme for my PhD study. Moreover, I surmise instruments for single molecule 

imaging and quantitative analysis for single molecule dynamics. 

 

1-2. Methods to visualize RNA in living cells 

 Conventional techniques for analyzing spatiotemporal information of 

RNA are in situ hybridization in fixed cells and the biochemical fractionation of 

cells. These methods provide a static picture at the time of fixation or 

fractionation. In contrast, live-cell imaging techniques provide a temporal and 

spatial resolution of RNA dynamics. There is a difficulty to label RNA. In the 

case of visualizing proteins in living cells, a fusion molecule of a fluorescent 

protein and a target protein is constructed by gene engineering. On the other hand, 

the fusion molecule of RNA and a fluorophore cannot be generated by gene 

engineering. 

To achieve specific labeling of RNA, an approach using nucleic acid 

based probe, so called ‘molecular beacon’ has been adapted. The beacons is a 

DNA probe in the form of a small hairpin loop labeled at the free ends with 

fluorescent dye and a molecule that quenches the fluorescence emission, 

respectively. When the DNA probe is bound to the target sequence, the probe 
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unloops and the quencher is kept away from the dye, leading to fluorescence 

emission [10, 11] (Figure 1-1). The major limitation of the molecular beacon is 

that molecular beacons cannot freely across plasma membrane. Microinjection is 

often used to deliver molecular beacons inside cells, but it causes damage to the 

cells. Even if molecular beacons are introduced into cells, there are several 

limitations inside the cells. Free molecular beacons enter the nucleus through 

nuclear pore, perhaps passively, and they are non-specifically captured by nucleic 

acid binding proteins that are abundant in the nucleus [12]. Moreover, 

oligodeoxynucleotides with natural backbones are degraded rapidly inside the 

cell. The degradation products are cleared from the cells with a half-time of 

15-30 min [13]. Furthermore, hybrids formed by oligodeoxynucleotides and 

RNAs are targets for RNase H, a ubiquitous enzyme in the cell that degrades 

mRNAs in RNA-DNA hybrids [14]. 

 

Figure 1-1. Schematic representation of molecular beacon for detecting 

RNA Donor (green) and quencher (gray) dyes are attached to the probes and 

interact with RNA as indicated. 
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Another approach for tagging RNA is the use of an RNA-binding protein 

fused to a Green fluorescent protein (GFP). The coat protein of bacteriophage 

MS2, which binds to a unique hairpin in the genomic RNA of the phage with a 

strong affinity (dissociation constant, 5 nM), was applied to tag RNAs. Two 

components are necessary for labeling: (1) expression of the target mRNA 

modified to include the MS2 stem-loop motifs; (2) the MS2 RNA coat protein 

fused to GFP (Figure 1-2). The MS2 system was pioneered by Singer and 

co-workers in yeast to track the movement of ASH 1 mRNA [15].  

 Although the MS2 system has been used widely, this system requires 

expression of exogenous RNAs including the target sequence of MS2. 

Engineered gene could be expressed in abnormal amounts. Moreover, binding of 

many MS2 coat protein-GFP molecules to target RNAs may considerably impact 

behavior. Another difficulty is that the MS2 coat protein-GFP itself aggregates 

and fluorescent signals are obtained in cells without the RNA being expressed. 

 

Figure 1-2. Schematic model of the MS2 coat protein-GFP method.  

A tandem array of MS2 coat protein-binding sequence is inserted into untranslated 

region of a target mRNA. MS2 coat protein-GFP molecules bind to each motif and 

render that RNA more fluorescent than the surrounding. 
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1-3. Strategy to visualize endogenous RNA at the single molecule level 

 An approach using split EGFP reconstitution combined with RNA 

binding protein which recognizes specific RNA sequence [16] has strong 

advantage to visualize endogenous RNA at the single molecule level (Figure 

1-3). In this section, I describe a basic concept of the method for visualizing 

endogenous RNA and also how to achieve single sensitivity in the system.  

 

 

 

 

 

 

 

 

Figure 1-3. Principle to visualize RNA by using RNA binding proteins 

and split EGFP fragments.  

The probe consists of two parts. One is the RNA binding domain which binds to 

specific RNA sequence. And the other is the split EGFP fragments. Without a target 

RNA, split EGFP fragment does not emit fluorescence. Upon binding to the target RNA, 

the probe reconstitutes EGFP. 
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1-3-1. Advantage of using PUM-HD to recognize endogenous RNA 

 PUMILIO proteins (PUM) are developmental regulators that control 

mRNA stability and translation by binding sequences in the 3’ untranslated 

regions of their target mRNAs. Drosophila melanogaster Pumilio (DmPUM) was 

reported first for regulating abdominal development by repressing the translation 

of maternal hunchback mRNA [17, 18]. DmPUM represses the target gene 

expression by binding tandem sequence motifs, Nanos response elements 

(NREs).  

PUM family proteins contain RNA-binding domains, known as the 

Pumilio homology domain (PUM-HD). The PUM-HD comprises eight sequence 

repeats, called PUM repeats [19]. Crystal structure of PUM-HD revealed eight 

α-helical structural modules packed together into a curved shape [20]. Crystal 

structures of PUM-HD in complex with NRE which includes 5’-UGUAUAUA-3’ 

sequence showed that PUM proteins contain a domain that generally composed 

of eight 36-amino-acid repeats; each repeat binds a single nucleotide in its 

RNA-base target (Figure 1-4 a). Amino acids at positions 12 and 16 of the PUM 

repeat bind each RNA base via hydrogen bonding or van der Walls contacts with 

a Watson-Crick edge, whereas the amino acid at position 13 makes a stacking 

interaction with the aromatic rings of the RNA base (Table 1). The recognition of 

RNA is a base specific, such that cysteine and glutamine bind to adenine, 

asparagine and glutamine bind to uracil, and serine and glutamate bind to 

guanine (Figure 1-4 b). Guided by this recognition code, the specificity of 

individual repeats can be switched by mutating the two amino acids that make 

contacts with Watson-Crick edge of the base [21, 22]. Moreover, Filipovska et. al 
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found that a domain which has an arginine at position 16 and glycine/serine at 

position 12 specifically recognize cytosine [23]. Owing to these comprehensions, 

PUM-HD can be designed to bind any RNA of interest. Engineered PUM 

proteins would be tools to manipulate any endogenous RNAs with many 

potential applications in biotechnology and medicine [24, 25]. 

 

 

Table 1. The amino acids in each repeat interact with a RNA base.  

The amino acids interacting with RNA bases are shown. In each repeat of wild type (wt) 

PUM-HD, three amino acids interact with the specific target RNA base.  

 

 

 

 

 

 

 

 

 



- 9 - 

 

 

Figure 1-4. Crystal structure of PUM-HD bound to NRE RNA.  

(a) A crystal structure of the PUM domain bound to the RNA (PDB: 1M8Y, left). 

Schematic of the recognition of RNA bases in NRE RNA by the PUM-HD repeats 

(right). (b) Recognition of Adenine, Uracil and Guanine residues. (Left) Interaction of 

repeat 5 with adenine. Cys-1007 makes a hydrogen bond with the adenine base and Gln 

1011 contacts with the adenine base by van der Waals interaction. (Middle) Interaction 

of repeat 6 with uracil. Asn-1044 and Gln-1047 make hydrogen bonds with the uracil 

base. (Right) Interaction of repeat 7 with guanine. Ser-1079 and Glu-1083 make 

hydrogen bonds with the guanine base. Hydrogen bonds are indicated with dotted lines 

and a van der Waals interaction indicated with a black line. 
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1-3-2. Reduction of background signals by EGFP reconstitution 

technique 

Protein reconstitution is a reaction in which the proteins divided in two 

fragments recover the function by approaching each other. In the case of EGFP, a 

split fragment of EGFP recovers its fluorescence by protein reconstitution when 

the split fragment contacts the counterpart [26]. Split fragments do not 

spontaneously interact with one another, but interaction partners fused to the 

fragments lead an interaction between the split EGFP fragments. The mechanism 

of protein reconstitution of EGFP has been investigated by in vitro studies [27]. 

These studies revealed that split EGFP fragments are completely folded during 

the association of the fragments. On the other hand, the formation of 

chromophore proceeds after the EGFP is folded (Figure 1-5). The spectral 

characteristics of the fluorescent complex and the intact fluorescent protein are 

indistinguishable, indicating the folding structure and the chromophore of the 

reconstituted EGFP are likely to be identical to those of intact EGFP [27]. 

Owing to these features of reconstitution of EGFP, many biologists have 

been applied this system for identification and characterization of protein-protein 

interactions in living cells [28]. In my strategy, reconstitution of EGFP is used for 

selective detection of a target RNAs and for reducing background noise. When 

EGFP is used as a probe of biomolecules, fluorescence signal from free diffusing 

EGFP is background noise. Using EGFP reconstitution technique, a probe emits 

fluorescence signals only when the probe binds to its target molecule. Moreover, 

a probe applying EGFP reconstitution technique needs two binding factors to 
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detect its target molecule. The use of two binding factors provide selectivity to 

the probe. 

 

.  

 

Figure 1-5 | Pathway for bimolecular fluorescent complex formation 

Initial associations between fusion proteins (complex 1) are mediated by the interaction 

partners (indicated by gray columns). The association between the fluorescent-protein 

fragments produces an intermediate (complex 2), which undergoes slow maturation to 

produce the fluorophore (complex 3). 
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1-4. Instrumentation for visualizing single molecule 

 In addition to the labeling strategy, the choice of excitation source, 

illumination scheme, and detector contribute toward single molecule sensitivity 

(Figure 1-6. a). 

 

1-4-1. Optical apparatus for single molecule imaging 

Since lasers emit monochromatic, coherent and collimated light, I 

basically use lasers for exciting fluorescent probes [29]. The choice of 

illumination wavelength depends on the spectral properties of the fluorescent 

probes, but typically spans the visual part of the electromagnetic spectrum (such 

as 405, 488, 561, 647 nm laser). For detecting dynamics of the single molecule, 

the detector must have photon counting capabilities, with high-speed recording. 

To satisfy the conditions, electron multiplying charged coupled devices 

(EMCCDs) or complementary metal oxide semiconductor (CMOS) has been 

adapted. Objective lens transmits light from the illumination source and collects 

fluorescence signal to create a focused image on the detector. For the single 

molecule imaging, numerical aperture (NA), an indirect measure of photon 

collection ability, should be high (more than 1.4) and optical magnification must 

be larger than ×60. 
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1-4-2. Illumination Geometry 

 Wide-field epi-illumination is widely used in fluorescence imaging. 

However, excitation light passes through the entire depth of the cells and 

out-of-focus fluorescent probes emit background noise, limiting the method to 

samples with molecules sparsely distributed over all three dimensions (Figure 

1-6. b). To reduce the background signals, only a thin lamina of 200 nm at the 

cell surface is illuminated using total internal reflection fluorescence microscopy 

(TIRF) [30, 31]. TIRF is based on Snell’s law, wherein light which is transmitted 

through a medium of high refractive index (ni; coverglass) into one of lower 

refractive index (nr; water), is totally reflected within the first medium at incident 

angles (θi) greater than the critical angle given by θc = sin
-1

 (nr / ni). TIRF creates 

a thin lamina of evanescent wave within the aqueous phase, only exciting 

fluorescent probes within 200 nm of the coverglass-sample interface (Figure 1-6. 

c). TIRF is rarely used in RNA imaging because it only excites the basal plasma 

membrane, whereas most RNAs are present also throughout the cell which the 

evanescent wave cannot penetrate. To achieve greater penetration into the cell 

with low background signals, highly inclined and laminated optical sheet (HILO) 

[32], also termed variable angle epi-fluorescence microscopy (VAEM) [33]. In 

this scheme, θi is smaller than θc, so that the illumination is refracted into the cell 

at high inclination from the optical axis. Therefore, this geometry illuminates an 

angled layer within the cell and reducing illumination of molecules not in focus 

(Figure 1-6. d). To visualize RNAs in cytoplasm and the nucleus, I set up VAEM 

with 405, 488, 561, 647 nm lasers light and an EM-CCD (Figure 1-6. a). 
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Figure 1-6. A general schematic of home-built microscopy and 

illumination geometries 

(a) The individual laser beams are combined using long-pass dichroic mirrors (DMs). 

Each DM is chosen with spectral properties specific to the wavelengths that it must 

reflect and transmit. Here, 488 nm excitation illumination pass is shown. The laser beam 

are focused on the back-focal plane of the objective and aligned to excite the fluorescent 

probes with sub-critical, oblique angles. Fluorescence from the probes is detected by an 

EMCCD. (b) Wide-field, (c) TIRF, and (d) HILO/VAEM geometries are shown. Yellow 

broken line is a back focal plane of the objective lens. Excitation beam is illustrated in 

blue and fluorescence from the cells is illustrated in orange. 
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1-5. Analysis of single molecule dynamics 

 A major advantage of single molecule imaging is the ability to resolve 

modes of motions of individual molecules. To quantify individual motion, 

trajectories of the each molecule are constructed by “single particle tracking” 

from the fluorescence imaging data. Calculating the mean square displacement 

(MSD) of the trajectories clearly characterizes the modes of motions and 

estimates the distribution of quantities characterizing the motions, such as the 

diffusion coefficient, velocity, and confined size.  

 

1-5-1. Single particle tracking  

 According to Abbe’s law or Raleigh’s resolution limit, diffraction limits 

the ability to distinguish two features located closer than half the wavelength of 

the fluorescence, thereby imposing a theoretical limit on the resolution of 200 nm 

[34]. Consequently, the image of a single fluorescent probe, a few nanometers in 

diameter, is spread after passing the microscope optics. The intensity distribution 

of such a diffraction-limited spot can be mathematically described by a 

point-spread function (PSF) and approximated as a simple two-dimensional 

Gaussian function. The center of the Gaussian curve, which coincides with the 

intensity maximum of the diffraction limited spot, can be localized with accuracy 

similar to the size of the probe, breaking the diffraction barrier [34, 35]. By 

connecting each center of the PSF, a trajectory of a fluorescent spot can be 

constructed.  
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1-5-2. Mean Square displacement 

 The mobility of single molecules reflects the mechanical properties of 

the microenvironment. Since single molecules are under the control of 

stochasticity, the relevant physical observables are averages. For this reason, the 

data points within a single trajectory are averaged, yielding the mean-square 

displacement (MSD) for the trajectory [36, 37]. The generic formula of MSD is 

MSD (τ) = <∆r(τ)
2
> = <[r(t +τ) - r(t)]

2
> 

where r(t) is the position of the particle at time t, and τ is the lag time between 

two positions. The average <…> designates a time-average over t.  

 The MSD characterizes the dynamics of single particles into 4 modes[36], 

(Figure 1-7). 

<∆r(τ)
2
> = 4Dt     Normal diffusion        

<∆r(τ)
2
> = 4Dt

α
     Anomalous diffusion        

<∆r(τ)
2
> = 4Dt + (Vt)

2     
Direct motion with diffusion   

<∆r(τ)
2
> = <rc

2
> [1 – A1 exp(- 4A2 Dt) / <rc

2
>] confined motion        

D is diffusion coefficient, V is velocity, <rc
2
> is the confined size, and A1 and A2 

are constants determined by the confined geometry.  
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Figure 1-7. Various modes of MSD plotting 

The MSD as a function of time for diffusion plus flow, free diffusion, diffusion in the 

presence of obstacles, and confined motion. 
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1-7. Conclusion 

 Single RNA imaging in living cells provides information related to 

inhomogeneous behavior, kinetic and velocity, and local heterogeneity of target 

RNA, of which data are lost in ensemble measurement. The probe based on 

sequence-specific recognition PUM-HD and EGFP reconstitution technique 

would have an ability to visualize a single endogenous RNA without 

modification in living cells. To demonstrate the applicability of the probe, I 

investigated spatiotemporal dynamics of β-actin mRNA in fibroblast. The 

distribution and movement of β-actin mRNA are already well-studied, and thus I 

tried to re-characterize β-actin mRNA dynamics by the developed probe; 

localization of β-actin mRNA at leading edge and direct movement along 

microtubules. 

 A large fraction of single molecule studies of RNAs have been used to 

characterize protein-coding RNAs. However, as I have highlighted in section 1, 

the majority of RNAs in the eukaryotic cell does not code proteins but rather 

regulate gene expression via post-transcriptional gene silencing or epigenetic 

gene regulation. In my PhD thesis, I also develop a method to visualize 

endogenous long non-coding RNA (lncRNA) with single molecule sensitivity 

based on the PUM-HD and fluorescence reconstitution technique. To 

demonstrate the applicability of the method, I visualized Telomeric 

repeat-containing RNA (TERRA) in living cells.  
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Chapter 2 

 

 

 

Method to visualize single β–actin mRNA in living cells 
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2-1. Introduction 

 Spatially restricted protein synthesis in cells involves the positioning of 

mRNAs to where their proteins are required, which results in local gene 

expression [38-41]. This asymmetrical distribution of mRNA, termed mRNA 

localization, is now considered as a key step in gene expression because there are 

several advantages: the spatially restricted gene expression can be achieved with 

high temporal resolution if local stimuli regulate translations on-instead 

compared with the case that a signal is delivered to the nucleus to initiate 

transcription. Moreover, local translation should be thermodynamically efficient 

than transporting proteins because localized mRNAs can be translated multiple 

times to generate many copies of proteins. These concepts were mainly 

established by the RNA imaging studies. Early imaging studies of asymmetric 

distribution in model system, such as budding yeast [42, 43], Drosophila 

embryos [44, 45], Xenopus oocyte [46, 47], mammalian fibroblast [48, 49], and 

neuron [50-52], revealed that mRNA localization is a conserved phenomenon. 

Recently, it was shown that during Drosophila embryos development about 70% 

of mRNAs showed distinct spatial patterns [53]. Moreover, half of the neuronal 

mRNA species in the rat hippocampus are accumulated in axons and dendrites 

[54]. Although current imaging technology already made a great contribution to 

discover mRNA localization, more complete understanding of mRNA 

localization and dynamics demands novel techniques to visualize target mRNAs 

in living cells.  

 The ideal methodology for RNA imaging is based on a fluorescent probe 

that recognizes selectively an endogenous target RNA at the single molecule 
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level. In this chapter, I present a genetically encoded probe based on 

sequence-specific binding domain, PUM-HD, and EGFP reconstitution technique. 

To demonstrate the applicability of this probe, I visualized a β-actin mRNA in 

living mammalian cells. Using the probe, I showed β-actin mRNA localization in 

the leading edge of the cell in response to serum stimulation and direct 

transportation along the microtubule.  
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2-2. Experimental section 

2-2-1. Plasmid Construction. 

All cDNAs were cloned using pBlueScript (Stratagene, CA). The cDNA 

encoding RNA binding domains of human PUMILIO1 (PUM-HD) (828–1176 

amino acids) was generated by PCR with a template of PUM-HD. One mutant of 

PUM-HD (C935E, Q939E), named actPUM1, and the other mutant of PUM-HD 

(S863N, N899S, Q903E, C935E, Q939E, C1007S, and Q1011E), named 

actPUM2, was generated using a mutagenic PCR technique. N-terminal EGFP 

(GN; 1–157 amino acids) and C-terminal EGFP (GC; 158–238 amino acids) were 

generated by PCR with a template of EGFP. GN and GC were respectively 

connected with actPUM1 and actPUM2. The cDNA fragments were subcloned 

into a mammalian expression vector, pcDNA3.1 (+) (Invitrogen Corp., CA). 

mRFP connected with α-tubulin was generated by replacing the cDNA of GFP in 

GFP-α-tubulin (Clontech, CA) with a cDNA of mRFP. The cDNA fragments 

were also subcloned into a mammalian expression vector: pcDNA3.1 (+) 

(Invitrogen Corp.). 

 

2-2-2. Cell culture and transfection 

NIH3T3 cells were cultured in Dulbecco's Modified Eagle Medium 

(DMEM), (Gibco, CA) supplemented with 10% calf serum (Gibco) at 37°C in 

5% CO2. Before transfecting the plasmids, NIH3T3 cells were grown on 35 mm 

dishes with glass-coverslip bottoms (Iwaki Glass Co. Ltd., Japan) for imaging 

and on 10 cm dishes for RT-PCR and IP-RTPCR. The cells were transfected with 
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plasmids using Lipofectamine LTX (Invitrogen Corp.) according to the 

manufacturer’s protocol. 

Serum starvation was performed as follows. After transfection with the 

probe, the NIH3T3 cells were starved for 24 hr with DMEM containing 0.2% 

calf serum. Before putting on the microscope, the media were changed to Hanks' 

Balanced Salt Solution (HBSS; Gibco) containing MEM Amino Acids Solution 

(Gibco), NEAA (Gibco), 2.5 g/l glucose, 2 mM glutamine, 1 mM sodium 

pyruvate, and 10 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid 

(HEPES) (pH 7.4). 

To prepare NIH3T3 cells expressing mRFP-tubulin, NIH3T3 cells were 

transfected with mRFP-tubulin plasmid using Lipofectamine LTX. After 2 days, 

the cells were replaced in culture medium with 1 mg/ml G418 for 1 week to 

select colonies expressing mRFP-tubulin. After the selection period, visible 

colonies were picked and subcultured on new dishes. A cell line expressing 

mRFP-tubulin was chosen from the picked colonies. 

 

2-2-3. Cell extraction for RT-PCR 

NIH3T3 cells were grown on four plates of 10 cm dishes. The cells on 

the two dishes were transfected with pcDNA3.1 (+), whereas the other two were 

transfected with the vector including either GN-actPUM1 or actPUM2-GC. Two 

days after the transfection, the cells were washed with phosphate buffered saline 

(PBS) buffer (100 mM Na2HPO4, 20 mM KH2PO4, 137 mM NaCl, 27 mM KCl, 

pH 7.4) and collected with a scraper. From the half volume of the cells, total 

RNAs were extracted using the TRIzol (Invitrogen Corp.) according to the 
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manufacturer’s protocol. The total RNAs were suspended in 100 μl of 

RNase-free water, from which 4 μl was used for the following reverse 

transcription. 

 

2-2-4. Reverse transcription and polymerase chain reaction (RT-PCR) 

Single-stranded cDNAs were prepared using oligo-p(dT) primers and the 

SuperScript 3 First-Strand Synthesis System according to the protocol 

(Invitrogen Corp.). The cDNAs were subjected to PCR using either a pair of 

β-actin primers (5’-AGATGACCCAGATCATGTTTGAG-3’ and 

5’-CAGTAATCTCCTTCTGCATCCTG-3’) or a pair of GAPDH primers 

(5’-GATGACATCAAGAAGGTGGTGA-3’ and 

5’-GGTCCAGGGTTTCTTACTCCTT-3’). Each amplified PCR product was 

separated using agarose gel electrophoresis. Then the existence of β-actin and 

GAPDH was examined. 

 

2-2-5. Immunostain and fluorescence in situ hybridization 

NIH3T3 cells expressing GN-actPUM1 and actPUM2-GC were grown 

directly onto coverslips, washed once in PBS, and fixed for 30 min at room 

temperature in 1× PBS supplemented with 3.7% formaldehyde. After washing 

the cells twice with the PBS, the cells were permeabilized by treatment with 70% 

ethanol overnight at 4°C. The cells were hydrated for 5 min at room temperature 

in 2× SSC (300 mM NaCl, 30 mM sodium citrate, pH 7.0) supplemented with 

50% formamide. β-actin mRNAs were hybridized with 5’TAMRA-labeled 

antisense oligonucleotide probe 
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(5’-TTAGGTTTTGTCAAAGAAAGGGTGTAAAACGCAGCTCAGTAACAG

TCCGC-3’) overnight at 37°C using 40 µl of a mixture containing 10% dextran 

sulfate, 2 mM vanadyl-ribonucleoside complex, 0.02% RNase-free BSA, 40 µg E. 

coli tRNA, 2× SSC, 50% formamide, 30 ng of the oligonucleotide probe
42

. The 

cells were washed twice for 30 min in 2× SSC supplemented with 50% 

formamide at 37°C. 

 

2-2-6. Acquisition of imaging data 

Single fluorescence imaging of mRNA was performed using a 

home-built TIRF microscope constructed on an inverted microscope (IX81; 

Olympus Corp., Japan). The microscope was equipped with two adjustable laser 

lines with a 488 nm laser (CYAN-488; Spectra-Physics, CA) for exciting EGFP 

and a 561 nm laser (JUNO 561; SOC, Japan) for TAMRA and mRFP excitation, 

and with PlanApo 100× oil immersion objective with a numerical aperture of 

1.49. For excitation illumination, the laser beams were placed off the optical axis 

(but parallel to the optical axis) so that they passed near the edge of the objective 

lens to make a highly inclined illumination but not total internal reflection, which 

illuminates a very shallow area of the sample. Emission from the fluorophore 

was collected by the objective and led to an EM-CCD camera (ImagEM; 

Hamamatsu Photonics, Japan). The microscope system was controlled with 

software (Aquacosmos; Hamamatsu Photonics). The single molecule images 

were captured with software (HC-Image; Hamamatsu Photonics). 
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2-3. Results 

2-3-1. Design of the fluorescent probe for β-actin mRNA imaging 

 By introducing several amino acids mutations, I developed two mutant 

PUM-HDs, actPUM1, and actPUM2, which recognize specific region of β-actin 

mRNA (5’-UGUACGUA-3’, and 5’-UGUGCUGU-3’, respectively. Figure 2-1 

a). actPUM1 and actPUM2 were then connected with N-terminal or C-terminal 

fragments of EGFP, named GN-mPUM2 and actPUM1-GC, respectively (Figure 

2-1 b). In principle, the probes emit EGFP fluorescence by reconstitution of 

EGFP fragments upon binding to β-actin mRNA (Figure 2-1 c). 
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Figure 2-1 Schematic of the probes for visualizing β-actin mRNA 

(a) Sequences of β-actin mRNA that are recognized by the PUM-HD mutants. (b) 

Schematic structures of cDNA constructs. All text in italics refers to the genes of their 

corresponding proteins. FLAG is an epitope tag for FLAG antibody. (c) Principle for 

reconstitution of EGFP on β-actin mRNA. Two RNA-binding domains of PUM-HD are 

engineered to recognize the target mRNA specifically (actPUM1 and actPUM2). In the 

presence of the target mRNA, actPUM1 and actPUM2 bind to the corresponding mRNA 

sequences, and the N- and C-terminal fragments of EGFP are brought together, resulting 

in fluorescence of complement EGFP. 
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2-3-2. Characterization of the probes 

First, I examined binding abilities of GN-actPUM1 and actPUM2-GC to 

their corresponding RNA sequences by the immunoprecipitation and reverse 

transcription PCR (IP-RT-PCR) method. GN-actPUM1 and actPUM2-GC were 

expressed in NIH3T3 cells and were then collected from the cell lysate with 

either anti FLAG antibody for GN-actPUM1 or anti GFP antibody for 

actPUM2-GC. The mRNAs binding to each GN-actPUM1 and actPUM2-GC 

were collected and converted to cDNAs, respectively, from which existence of 

β-actin mRNAs was examined using PCR. Electrophoresis revealed that a single 

band originated from β-actin mRNA was obtained (Figure 2-2). The band of 

β-actin mRNA was only detected when the probes were expressed in the cells, 

indicating that each GN-actPUM1 and actPUM2-GC binds to the β-actin mRNA 

in the cells. 

 

Figure 2-2 Binding ability of the probes to β-actin mRNA.  

Immunoprecipitation and reverse transcription PCR. mRNAs extracted from the 

immunoprecipitates were subjected to RT-PCR using primers of β-actin mRNA (top). 

The left lane shows the mRNA from the cell transfected only pcDNA3.1 without any 

insertions. The right lane shows the result from the cell with the probe. The positive 

RT-PCR control is middle (β-actin) and bottom (GAPDH). 
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2-3-3. Specific reconstitution of EGFP on β-actin mRNA 

Selectivity of the probe was confirmed by investigating whether 

reconstitution of EGFP fragments occurs upon binding to β-actin mRNA. To 

probe β-actin mRNAs, a TAMRA-labeled antisense oligonucleotide, which binds 

to the β-actin 3’untranslated regions, was used. The results of fluorescence in situ 

hybridization (FISH) with NIH3T3 cells expressing the GN-actPUM1 and 

actPUM2-GC are shown in Figure 2-3 a. EGFP signals were overlapped with 

TAMRA fluorescence. Moreover, fluorescent spots were localized in the leading 

edge of the lamellipodium (Figure 2-3 b). In the control, I conducted FISH using 

sense probes under otherwise identical conditions. Compared to antisense probe, 

much less fluorescent spots were visualized and distributed homogeneously in 

the cells (Figure 2-3 c). These results indicated that the split fragments of EGFP 

complemented and recovered the fluorescence signal upon binding of the probes 

to β-actin mRNAs in the cells. 
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Figure 2-3 Selective binding of the probes to β-actin mRNA  

(a) Localization of β-actin mRNA and the probes. β-actin mRNA was visualized with 

FISH using 5’TAMRA oligonucleotide probe (left) together with EGFP reconstituted 

from GN-actPUM1 and actPUM2-GC (middle). Red and green dots respectively 

indicate the localization of β-actin mRNA and reconstituted EGFP. The merged image is 

shown (right). Arrowheads indicate the colocalized spots of β-actin mRNAs and the 

reconstituted EGFP. Blue and white lines respectively show the shape of the cell and the 

nucleus. Scale bars, 8 μm. (b) Fluorescent in situ hybridization using oligonucleotide 

probe directed against the 3’UTR of β-actin mRNA (b, antisense oligo-nucleotide 

probe) and its control (c, sense oligo-nucleotide probe). Blue and white lines 

respectively show the shape of the cell and the nucleus. Scale bar, 8 μm.  
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2-3-4. Visualization of single β-actin mRNA 

 I next examined the number of EGFP molecule in a single spot (Figure 

2-4 a). From the intensity analysis, each fluorescent spot showed small 

fluctuation of fluorescence intensity and single-step photobleacing occurred 

(Figure 2-4 b), which indicates that the spot consists single EGFP. Moreover, the 

distribution of the fluorescence intensities of the spots was fitted with a Gaussian 

distribution (Figure 2-4 c), demonstrating that the fluorescent spots consisted of 

the same number of the EGFP. These two results showed that the probe enabled 

to visualize β-actin mRNA at the single molecule level. 

 

Figure 2-4 Imaging a single β-actin mRNA in living cells 

(a) A typical video sequence of a fluorescent spot of EGFP. The probes of GN-actPUM1 

and actPUM2-GC were co-expressed in NIH3T3 cells. Scale bar, 400 nm. (b) 

Time-dependent fluorescence intensity of a fluorescent spot of EGFP. A single-step 

photobleaching of the fluorescence spot occurred at the time indicated by the arrow. The 

spot and the background intensities are shown respectively as solid and broken lines. (c) 

Histogram showing fluorescence intensity of individual spots. 
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2-3-5. β-actin mRNA response to growth factor 

To demonstrate the ability of the probe for investigating spatiotemporal 

dynamics of β-actin mRNA, NIH3T3 cells expressing the probes were cultured 

under serum-starved condition. Then fluorescence images of the cells were taken 

using fluorescence microscopy (Figure 2-5 a). To analyze localization of the 

total β-actin mRNAs labeled with the probes, I calculated the center of all 

fluorescent spot positions. The center of the fluorescent spots was almost 

identical in position to the cell centroid. This result suggested that β-actin 

mRNAs were equally distributed in the cells under the serum-starved condition. 

Then, I replaced the cell-cultured medium into a 10% serum condition and 

incubated the cells for 1 hr thereafter. Addition of the serum induced a large 

change in the location of the fluorescent spots (Figure 2-5 b). The center of the 

fluorescent spots position was separated in 5.0 ± 0.4 μm from the cell centroid 

(Figure 2-5 c). Comparison of fluorescent spots positions between 0.2% and 

10% serum conditions clearly demonstrated that β-actin mRNA moved a definite 

direction inside the cells upon the serum stimulation (Figure 2-5 d). The serum 

effect on the localization of β-actin mRNA in this study was almost consistent 

with the previous report
 
[48], demonstrating the ability of this method to analyze 

spatiotemporal dynamics of β-actin mRNA inside the cells in the single-molecule 

level. 
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Figure 2-5 Effect of serum on β-actin mRNA localization 

NIH 3T3 cells were starved under the condition of 0.2% serum for 24 hr (a) and 

stimulated by addition of calf serum to the final concentration of 10% (b). The images 

were deconvolved using the Iterative Deconvolution plug-in of Image J software (c). 

The yellow dot and red cross respectively represent the cell centroid and the averaged 

center of the spot positions. Scale bars, 8 μm. (d) Distances between the center of the 

spot positions and cell centroid were evaluated before and after stimulation with the 

serum (n=4). 
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2-3-6. Processive movement β-actin mRNA along microtubules 

To verify that the probe visualizes natural movement of β-actin mRNA, I 

investigated the transportation of β-actin mRNA on microtubules. The probes 

were expressed in NIH3T3 cells stably expressing tubulin-mRFP. The fluorescent 

images at lammelipodia of the cells showed that several fluorescent spots of 

β-actin mRNA were localized on microtubules (Figure 2-6 a), and the spots 

moved along microtubules to the cell periphery (Figure 2-6 b). The average 

velocity was estimated to be 1.78 ± 0.78 μm/s. Moreover, β-actin mRNA 

movement showed that the velocity was not constant; some β-actin mRNA stayed 

at the same position and moved at constant velocity thereafter. Processive 

movement of β-actin mRNA is known to be driven by a motor protein such as 

kinesin. It moves to the plus end of a microtubule with the velocity of about 1.0 

μm/s [55-57]. The velocity of β-actin mRNA I estimated as nearly the same as 

that of kinesin, indicating that the present method does not disrupt the natural 

movement of β-actin mRNA through a motor protein on the microtubules in 

living cells. 
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Figure 2-6 Visualization of single β-actin mRNA and microtubule 

(a) Localization of β-actin mRNAs and microtubules. The probes of GN-actPUM1 and 

actPUM2-GC were co-expressed in NIH3T3 cells stably expressing tubulin-mRFP. 

Images of the RNA probes (green) were deconvolved using the Iterative Deconvolution 

plug-in of the Image J software. The fluorescence image of tubulin in a lamellipodium 

is shown as red. White arrowheads in the merged image indicate colocalization of 

β-actin mRNA with microtubules. Scale bar, 8 μm. (b) Time-lapse images of a single 

β-actin mRNA on microtubules. The broken blue line shows the start point (at 0 s) of 

the β-actin mRNA. Scale bar, 800 nm. 
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2-3-7. Alternative strategy to visualize β-actin mRNA 

 Although the technique of the EGFP reconstitution reduces background 

fluorescence and enable single-molecule imaging, there are several limitations. A 

major limitation is that the EGFP reconstitution takes longer than tens of minutes, 

which might hamper the analysis of mRNA dynamics. Another limitation is the 

requirement of the two plasmids for expressing the probes. A possible method to 

avoid such limitations is use of full-length EGFP because it produces 

fluorescence right after the maturation of the probe. In addition, only a single 

expression vector is sufficient to generate the probe.  

 Here, I briefly summarize an RNA probe consisting of two actPUMs and 

full-length EGFP. To eliminate background fluorescence, a nuclear localization 

signal (NLS) was connected with the N-terminus of the probe 

(NLS-actPUM1-EGFP-actPUM2, Figure 2-7 a). I investigated the localization of 

the probe in living COS7. Although most probes were localized in the nucleus, 

several spots were detected in the cytoplasm, suggesting that the excess probes 

that did not bind to β-actin mRNAs were transported from the cytoplasm to the 

nucleus (Figure 2-7 b). I then examined whether the β-actin mRNA probe 

visualizes colocalization of β-actin mRNA with microtubules. Fluorescence of 

COS7 cells expressing the probe and tubulin-RFP was observed by 

epi-fluorescence microscope. I found that EGFP spots were colocalized with 

tubulin-RFP specifically in the cell peripheral region (Figure 2-7 c), 

demonstrating the colocalization of β-actin mRNA with microtubules. I further 

revealed that some EGFP showed directional motion in the cytoplasm, of which 
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the velocity was 1.63 μm/s. This value was comparable to that observed by the 

probe based on split EGFP (1.78 ± 0.78 μm/s, Figure 2-7 d). 
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Figure 2-7 Visualization of β-actin mRNA with the probe based on full length 

EGFP 
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(a) Schematic structure of the cDNA of the probe. (b) Epifluorescence image of the 

COS7 expressing the probe. The white broken line represents the cell contour. Scale bar, 

20 μm. (b) Epifluorescence image of the COS7 expressing the probe, mRFP-tubulin, 

and the merged image. Bottom figures are enlarged images in the white box shown in 

the upper image. Overlapping of the probe on microtubules is indicated by arrowheads. 

Scale bar, 20 μm. 
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2-5. Discussion 

To establish a method for visualizing endogenous single mRNA in living 

cell, I developed probes which are constructed by connecting each split fragment 

of EGFP to RNA-binding domain, PUM-HD. This method has several 

advantages compared with other methods. One advantage is that a target mRNA 

is non-engineered and endogenous and therefore this method enables us to 

observe natural movement of the mRNA in live cells. In the case of MS2 system, 

addition of a tag sequence to a target mRNA prevents from exploring the 

endogenous distribution and movement of the target mRNA because the tag 

sequence may affect the interaction between the mRNA and RNA-binding 

proteins (RBPs) [58, 59]. Moreover, engineered mRNA is inserted in a random 

locus of cells and hence its expression level will be different from that of 

endogenous mRNA. Single mRNA imaging is another advantage of this method. 

It is possible to acquire information on inhomogeneous behavior, kinetic and 

velocity, or local heterogeneity of mRNA, which is lost in ensemble 

measurement. In fact, tracking single β-actin mRNA revealed that β-actin 

mRNAs move along microtubules toward lamellipodia and its velocity was not 

constant. The movement of β-actin mRNA showed both processive and static 

modes, indicating that β-actin mRNA was transported with a motor protein. Third 

advantage is the relatively small size of the probes. Other methods require many 

fluorescent molecules to achieve single molecule sensitivity because of high 

background signals originating from unbound fluorescent molecules [60]. In 

contrast, this method succeeded in visualizing single mRNA molecule with single 

fluorescent protein, because the fluorescence complementation and optical 
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system of TIRF microscopy reduce the background fluorescence signals enough 

for single molecule imaging. Visualizing with a small tag is preferred because the 

tags would change the natural conformation of a target mRNA and prevent 

forming mRNA-protein complexes. In addition, this method is applicable to 

visualize various kinds of mRNAs. The significant feature of PUM-HD is that I 

can change its recognition site by introducing some mutations to PUM-HD. In 

the previous reports, NADH dehydrogenase subunit 6 (ND6) mRNA in 

mitochondria and RNA of tobacco mosaic virus in plant cells were visualized 

with the probe made by the same strategy [16, 61]. Thus, this method is widely 

applicable to tracking various mRNAs of interest. 
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2-6. Conclusion 

 Here I demonstrated a method based on PUM-HD and EGFP 

reconstitution technique to visualize a single endogenous mRNA in living cells. 

This method presents several advantages compared with previous RNA imaging 

methods; labeling endogenous mRNA with small tags, high signal-to-noise ratio 

which enable observation of target mRNAs at the single molecule level, 

applicability to a wide variety of mRNAs. These advantages in the present 

method ensure that the method will find widespread use for imaging mRNA. 

Consequently, using the method will bring great benefits to the studies of mRNA 

localization and dynamics in living cells. 
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Development and Characterization of the TERRA probe 
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3-1. Introduction 

The central dogma of gene expression is that DNA is transcribed into 

messenger RNA (mRNA), which is a template for protein synthesis. Recent 

advance in genome-wide studies revealed that whereas only 1-3% of the human 

genome encodes proteins, nearly 60% transcripts non-coding RNA [62]. This fact 

implies that the central dogma only explains one side of the gene expression. 

Among non-coding RNAs, particular attention has focused on the transcripts 

referred to as long non-coding RNAs (lncRNAs), operationally defined as being 

longer than 200 nucleotides [63-66]. Considering that the prevalence of lncRNA 

expression in mammalian cells, it has been assumed that lncRNAs constitute a 

significant fraction of the functional output of mammalian genomes. 

Currently, two mechanistic themes of lncRNAs’ functions have been 

emerged [67-69]. Decoys: lncRNAs can serve as decoys that interface the 

binding of regulatory proteins to DNA [70, 71]. Scaffold: The lncRNAs can 

serve as adaptors to bring two or more proeins into discrete complexes [72-75].  

 Our current understanding of lncRNA has gained from biochemical 

approaches including northern blotting, RNA microarrays, and high-throughput 

sequencing. To understand functions of lncRNA in living cells, it is necessary to 

obtain spatiotemporal information and information of stochastic single-molecule 

behavior, which can be provided by live cell imaging of endogenous lncRNA at a 

single molecule level. Live cell imaging of lncRNA has been reported on CCAT1 

[76], Xist [77], NEAT1 [78], and TERRA [79] using molecular beacon or MS2 

system. These studies revealed distribution of lncRNAs in living cells. Moreover, 

by using MS2 system, several reports indicated stimulus-dependent and cell 
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cycle-dependent localization of the lncRNAs to the specific chromosome region. 

However, there is no direct evidence that lncRNAs act as decoy or scaffold in 

living cells. To elucidate the molecular mechanism of the lncRNA actions, it is 

essential to visualize lncRNAs with the single molecule sensitivity. 

 Here I developed a fluorescent probe (the TERRA probe) for live cell 

imaging of endogenous Telomeric Repeat-Containing RNA (TERRA) with single 

molecule sensitivity. TERRA is a lncRNA transcribed from telomere region, the 

terminal region of mammalian chromosome. TERRA includes hundreds to 

thousands copies of tandem 5’-UUAGGG-3’ repeats and has been proposed to 

have functions in structure formation and replication of telomere. To visualize 

TERRA, a domain of RNA-binding protein, PUM-HD, was mutated to recognize 

tandem repeats in TERRA sequence. Each split fragment of EGFP was 

conjugated to amino and carboxyl terminal of mutant PUM-HD, respectively. 

When the two TERRA probe molecules come close on the repeat region, EGFP is 

reconstituted between the adjacent probes. In this chapter, I describe the strategy 

to visualize endogenous TERRA at the living cells. Specificity of the TERRA 

probe on TERRA was evaluated in mammalian cells. Moreover, fluorescence 

intensity analysis revealed that the TERRA probe visualizes TERRA at the single 

molecule level.  
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3-2. Experimental section 

3-2-1. Plasmid Construction. 

 All cDNAs were cloned using pBlueScript (Stratagene, CA). The cDNAs 

encoding the RNA-binding domain of human PUMILIO1 (PUM-HD) (828–1176 

amino acids) and the N-terminal and C-terminal EGFP fragments (GN; 1–157 

amino acids, GC; 158–238 amino acids) were generated by polymerase chain 

reaction (PCR). To generate mPUMt, site-directed amino acid substitutions of 

PUM-HD (S863N, C935S, Q939E, 971N, Q975S, C1007S, Q1031E, N1043C, 

S1079N, and E1083Q) were done using a mutagenic PCR technique (Table S1). 

The cDNAs GN and GC were ligated to mPUMt to yield GN-mPUMt-GC. Three 

tandem repeats of the NLS sequence DPKKKRKV were connected with the 

N-terminus of the GN portion. The SNAPf coding region of the 

hnRNPA1-SNAPf expression vector was prepared with PCR using the 

pSNAPf-vector (NEB, NA) as the PCR template and primers to add a flexible 

GGSGGS linker on the N-terminus. The hnRNPA1 cDNA was obtained from 

Addgene (pET9d-hnRNPA1). hnRNPA1 was fused to the N-terminus of SNAPf. 

The TRF1 cDNA was generated by PCR and was conjugated to the N-terminus 

of iRFP 43. The (TTAGGG)13 oligo DNA was purchased from Invitrogen Corp. 

and was conjugated to the C-terminus of iRFP. NLS-GN-mPUMt-GC and 

hnRNPA1-SNAPf were subcloned into the mammalian expression vector 

pcDNA3.1 (+) (Invitrogen Corp., CA). Then iRFP-TRF1 was inserted into the 

retrovirus expression vector pCLNCX. iRFP-(TTAGGG)13 was inserted into a 

Tet-on inducible vectors, which is an EBV-based episomal vector carrying the 

tetracycline-regulated expression units, transactivator (rtTA2-M2), and tetO 
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sequence. This Tet-on vector was kindly provided by Prof. Miwa (Tsukuba 

University, Japan). 

 

3-2-2. Protein purification 

mPUMt gene was subcloned into a pTYB3 vector (New England 

Biolabs) to produce an N-terminal fusion with the intein/chitin-binding domain. 

The gene of the fusion protein in the pTYB3 plasmid was expressed in 

Escherichia coli BL21 strain. The bacterial cells were sonicated in 20 mM 

sodium phosphate buffer (pH 8.0) containing 1 M NaCl and 0.1 mM PMSF. The 

obtained lysate was clarified by centrifugation and incubated for 40 min with 

chitin beads (New England Biolabs). The beads were washed twice with 20 mM 

sodium phosphate (pH 8.0) buffer containing 0.5 M NaCl and 0.1 mM PMSF, 

once with 20 mM sodium phosphate (pH8.0), 0.5 M NaCl, and 0.1 mM PMSF, 

and once with 20 mM sodium phosphate (pH 8.0), 0.15 M NaCl, and 0.1 mM 

PMSF. Cleavage of the bound fusion protein was initiated by adding 50 mM DTT. 

During the incubation, the protein solution was purged with argon gas. 

Recombinant mPUMt was collected and concentrated using Microsep 10 

(Miliipore). Protein concentration in the yielded solution was determined by the 

bicichroninic acid (BCA) assay using bovine serum albumin (BSA) as a 

standard. 

 

3-2-3. Electron Mobility Shift Assay 

RNA oligonucleotides were purchased from Invitrogen and radiolabeled 

at the 5’ end by using [γ-
32

P]ATP and T4 polynucleotide kinase (TOYOBO, 
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Japan) by following the manufacturer directions. Binding reactions included 5 

nM radiolabeled RNA and varying concentrations of the protein were incubated 

in binding buffer (10 mM Hepes, pH 7.4, 50 mM KCL, 1 mM EDTA, 0.01% 

Tween-20, 0.1 mg/ml BSA, 1 mM DTT). For competition analysis, unlabeled 

DNA with the TTAGGGTT sequence or RNA with Nanos Response Element 

(NRE) or the UUAGGGUU sequence was added to the binding mixture. Binding 

reactions were incubated no more than 2 h at room temperature and immediately 

analyzed by native PAGE using 6% polyacrylamide gel in 0.5% TBE. The gels 

were dried and exposed to storage phosphor screens in overnight, and scanned 

with Fuji 9000. 

 

3-2-4. Cell culture and Transfection 

U2OS cells were cultured in Dulbecco’s modified Eagle medium 

(DMEM) (Gibco) containing 10% fetal bovine serum (Gibco) at 37°C in 5% CO2 

atmosphere. For fluorescence imaging, the cells were plated on bottom-glass 

dishes (Asahi Glass Co., Japan). The cells were transfected with the expression 

plasmids using Lipofectamine LTX (Invitrogen) according to the manufacturer’s 

protocol. Before image acquisition, the cell cultivation medium was changed to 

Hanks' Balanced Salt Solution (HBSS) (GIBCO) containing MEM Amino Acids 

Solution (GIBCO), NEAA (GIBCO), 2.5 g/L glucose, 2 mM glutamine, 1 mM 

sodium pyruvate, and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) (pH 7.4). 
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3-2-5. Immunostain and Fluorescence in situ hybridization 

U2OS Cells were fixed with 15 min incubation at room temperature in 

2% PFA in PBS. After 5 min incubation at room temperature in 0.1% sodium 

citrate/0.1% Triton X-100, the cells were block for 60 min at room temperature in 

PBS containing 5% (w/v) BSA, 0.1% Tween-20. The cells were incubated for 60 

min at room temperature in the presence of mouse anti-GFP IgG (Roche). 

Alexa-568 goat anti-mouse IgG (Invitrogen) was used as the secondary antibody. 

PBS containing 0.5% (w/v) BSA, 0.1% Tween-20 was used as washing solution. 

 U2OS cells grown on bottom-glass dishes were incubated for 7 min in 

ice-cold CSK buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM 

PIPES pH 7, 0.5% Triton X-100) containing 10 mM Vanadyl Ribonucleoside 

Complex (NEB). Cells were then rinsed in PBS, followed by chemical fixation in 

2% paraformaldehyde (PFA) in PBS (pH 7) for 15 min and rinsed in 70% ethanol 

at room temperature. The cells were dehydrated through treatment with an 

ethanol series (70%, 85% and 100% ethanol for 5 min each) at room temperature, 

and air-dried. TERRA molecules were hybridized with 5’-TMR-labeled antisense 

oligonucleotide for 16 hr in 37 °C using 40 μl of a mixture containing 2×Saline 

Sodium Citrate Buffer (SSC), 2mg/ml BSA, 10% dextrun sulfate, 20% 

formamide and 10 mM Vanadyl Ribonucleoside Complex. The cell samples were 

washed three times for 5 min in 2×SSC 50% formamide (pH 7) at 39°C, three 

times for 5 min in 2×SSC (pH 7) at 39 °C, and 5 min in 2×SSC (pH 7) at room 

temperature.  
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3-2-6. Acquisition of imaging data 

 Single-particle fluorescence imaging of TERRA was performed using a 

home-built total internal reflection fluorescence (TIRF) microscope system. This 

system was constructed on an inverted fluorescence microscope (IX81; Olympus 

Corp., Japan) equipped with laser lines at 488 nm (CYAN-488; Spectra-Physics, 

CA) and 561 nm (JUNO 561; SOC Corp., Japan) with a PlanApo 100× oil 

immersion objective with a numerical aperture of 1.49. The laser beams were 

placed off but parallel to the optical axis to obtain inclined excitation illumination 

44,45. Emissions from EGFP and TMR were collected by the objective and were 

captured by two scientific complementary metal-oxide semiconductor (sCMOS) 

cameras (ORCA-Flash4.0v2; Hamamatsu Photonics KK, Japan). Then iRFP 

fluorescence was detected using an electron-multiplying charge-coupled device 

(EM-CCD) camera (ImagEM; Hamamatsu Photonics KK). Images were acquired 

using software (MetaMorph; Molecular Devices Corp.) at a frame rate of 10 Hz. 

 

3-2-7. Metaphase telomere FISH 

 FISH analysis on metaphase spreads were performed as previously 

described19. Briefly, U2OS cells transfected with empty vector or the TERRA 

probe were treated with colcemid (0.1 μg/ml; Gibco) for 2 hr to accumulate 

mitotic cells. Then the cells are trypsinized, resuspended in 75 mM KCl 

hypotonic solution at 37°C for 30 min, and fixed in fresh 3:1 methanol/acetic 

acid (v/v) for 4 times. Fixed cells were dropped onto wet glass microscope slides 

and allowed to dry for overnight. Metaphase spreads were stained with 0.1μg/ml 
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DAPI and analyzed by FISH using PNA-telomere probe according to 

manufacturer’s instruction (DakoCytomation, Denmark). 
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3-3. Results 

3-3-1. Design of the TERRA probe 

 To detect UUAGGG-repeats in TERRA, I constructed a mutant 

PUM-HD (mPUMt) recognizing the RNA sequence of 5’-UUAGGGUU-3’ 

(Table 3-1). mPUMt was inserted between the pair of split EGFP fragments 

(Figure 3-1 a). Triple repeats of a nuclear localization signal (NLS) sequence are 

attached on the N-terminus of split EGFP fragment to translocate the probe into 

the nucleus (Figure 3-1 b). Upon binding of the two TERRA probes to adjacent 

positions in a TERRA-repeat region, EGFP is reconstituted between the TERRA 

probes (Figure 3-1 c).  

Table 3-1.The amino acids mutations to create mPUMt 

The amino acids interacting with RNA bases are shown. In each repeat of PUM-HD, 

three amino acids interact with specific target RNA base. Mutated amino acids and their 

recognition bases in the PUM-HD repeats in mPUMt are shown in blue and red, 

respectively. mPUMt was created by 10 mutations (S863N, C935S, Q939E, 971N, 

Q975S, C1007S, Q1031E, N1043C, S1079N, E1083Q). 
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Figure 3-1. Detection of repeat RNA sequence in TERRA based on 

reconstitution of EGFP and RNA-binding domain, PUM-HD. 

 (a) Schematic representation of the domain structure of the probe. The mutant PUM-HD 

binding to repetitive RNA sequence (mPUMt) is sandwiched with EGFP split fragments. GN 

and GC indicate the cDNA sequence encoding the 1-157 and 158-238 amino acids of EGFP. 

The construct is fused to three repeats of nuclear localization signals (NLSs). (b) The probes 

were expressed in U2OS cells and fixed on a glass slide. Fluorescent immunostaining was 

performed with anti-GFP antibody for each probe. Alexa Fluor 488 labeled second antibody was 

used to visualize the distribution of the probe. Hoechst 33342 was used for staining the nucleus. 

The probe analogue without NLS distributed around the cytoplasm (left) and Probe with NLS 

repeats localized in the nucleus (right). Scale; 8 μm. (c) The functional mechanism of the 

TERRA probe. Several mPUMt recognize the target repeats sequence of TERRA. 

Intermolecular EGFP reconstitution is induced between the adjacent TERRA probes.  
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3-3-2. Characterization of mPUMt in vitro 

 To estimate the affinity of mPUMt to the target RNA sequence, purified 

mPUMt was subjected to an electrophoretic mobility shift assay (EMSA) using 

radioisotope (RI)-labeled 5’-UUAGGGUU-3’. In the presence of mPUMt, a band 

of RI-labeled TERRA RNA was detected at a position of larger molecular weight 

than that of the free RNA (Figure 3-2 a). The dissociation constant between 

mPUMt and 5’-UUAGGGUU-3’ was calculated to be 0.10 ± 0.01 μM from a plot 

of average amounts of bound fractions in variety of mPUMt concentrations 

(Figure 3-2 b). Competition with 100- and 1,000-fold excess of unlabeled 

5’-UUAGGGUU-3’ prevented the binding of mPUMt to the isotope-labeled 

RNA (Figure 3-2 c). On the other hand, RNA without 5’-UUAGGGUU-3’ and 

single or double strand DNA with 5’-TTAGGGTT-3’ did not affect the binding of 

mPUMt to the RNAs (Figure 3-2 c). These results indicate that mPUMt 

specifically interacts with 5’-UUAGGGUU-3’. 
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Figure 3-2. Binding affinity of mPUMt to the target RNA sequence 

The binding of recombinant mPUMt induces a mobility shift in TERRA. (a) Specific 

recognition of UUAGGG in vitro. Below, sequences of tested TERRA-RNA and 

NRE-RNA. (b) The percentage of RNA bound to various concentrations of mPUMt. (c) 

Analysis of competitive RNA binding for mPUMt. Averaged fraction bounds of each 

condition were plotted versus concentration of competitors (UUAGGGUU-containing 

RNA (black), NRE sequence containing RNA (blue), single (green) and double (red) 

strand of TTAGGGTT-DNA).  
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3-3-3. Reconstitution of EGFP on TERRA in mammalian cells 

 To confirm the EGFP reconstitution of the TERRA probe with 

UUAGGG repeats, I generated human osteosarcoma (U2OS) cells carrying 

transcriptionally inducible iRFP-(TTAGGG)13 whose transcription is stimulated 

by doxycycline (dox). Treatment with dox for two hours led to an approximately 

two-fold increase in the number of EGFP spots in the nucleus (Figure 3-3 a, b). 

Importantly, EGFP spots also appeared in the cytoplasm where endogenous 

TERRA does not exist (Figure 3-3 a), suggesting that the TERRA probe 

reconstituted EGFP on the artificially expressed UUAGGG repeats. 

 

Figure 3-3. EGFP reconstitution of the TERRA probe with artificial UUAGGG repeats 

(a) Fluorescence images were obtained from U2OS cells expressing iRFP-(UUAGGG)13 

(left), the TERRA probe (middle), and the merged image (right). Nucleus is indicated 

with white broken line. Scale bar, 5.0 μm. (b) Quantification of the number of TERRA 

spots in the nucleus in the cells without dox treatment (DOX(-)) and with dox treatment 

(DOX(+)).P-value was computed using the Student’s t-test. * indicates P < 0.05.  
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 Next, I examined the ability of the TERRA probe to visualize 

endogenous TERRA molecules in U2OS cells through a fluorescence in situ 

hybridization (FISH) experiment. The cells expressing the TERRA probe were 

chemically fixed, and endogenous TERRA was hybridized with a 

tetramethylrhodamine (TMR)-labeled oligonucleotide (TMR-(GGGTTA)7). 

Fluorescence signals of both EGFP and TMR signals were visualized with highly 

oblique incidence fluorescence microscopy. The colocalization ratio of EGFP 

spots with TMR spots was 71% (Figure 3-4). This high rate of colocalization 

demonstrates that EGFP of the TERRA probe is reconstituted specifically on 

TERRA in the cells. 

 

Figure 3-4. Localization of TERRA and the probes 

The position of TERRA was visualized by FISH using 5’ TAMRA-labeled oligonucleotide in 

the cell expressing the probes (left). Fluorescence from the probes is also observed in the 

identical cell (Middle). The white arrowheads in merge image (right panel) indicated that the 

positions of the probes colocalized with TERRA (right). Bottom panels showed enlarged images 

of the regions outlined with white dashed lines. The scale bar represents 5 μm.  
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 To further confirm specific EGFP reconstitution on TERRA, I prepared 

two probe variants; one lacks the N-terminal fragment of split EGFP 

(mPUMt-GC) and the other containing a β-actin mRNA-recognizing PUM-HD 

mutant, mPUMACT instead of mPUMt (3×NLS-GN-mPUMACT-GC). mPUMACT 

binds to an RNA sequence of UGUGCUGU [80], of which repetitive sequences 

do not exist in human transcripts. These variants in U2OS cells were 

immunostained with Alexa Fluor 568-labeled anti-GFP antibody to show their 

expression and intracellular distribution. Strong fluorescence signals of Alexa 

Fluor 568 signals from both variants were observed in the nucleus (Figure 3-5), 

indicating localization of the variants in the nucleus. There was no fluorescence 

spot of mPUMt-GC and 3×NLS-GN-mPUMACT-GC in the nucleus (Figure 3-5), 

indicating that inter- and intra- molecular reconstitutions of EGFP do not occur 

spontaneously. Together, these results show that the TERRA probes visualize 

endogenous TERRA molecules selectively in the cells. 
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Figure 3-5. Fluorescence signals from the probe analogs and their 

immunostaining.  

The probe analogues were expressed in U2OS cells and fixed on a glass slide. After the 

fixation, the analogues were immunostained with anti-GFP antibody which binds to 

full-length EGFP and the C-terminal fragment of EGFP. Alexa Fluor 561 labeled second 

antibody was used to visualize the distribution of the probe. Hoechst 33342 was used 

for staining the nucleus. The analogue lacking N terminal fragment of EGFP and NLS 

partially localized in nucleus (above). Fluorescence signals of EGFP were not detected 

in the nucleus. The analogue containing mPUMACT localized to nucleus, fluorescence 

signal of EGFP was not detected (bottom). Scale; 8 μm. 
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3-3-4. Visualization of single TERRA molecules 

 To investigate the applicability of the TERRA probe for single molecule 

imaging in living cells, I estimated the number of EGFP molecules in the single 

fluorescent spots. Based on previous information that a fluorescent spot 

consisting of a single fluorophore shows single-step bleaching [81], I 

investigated time-course intensities profile of the fluorescent spots. In living cells, 

fluorescent spots diminished from the focal plane by diffusing in axial direction. 

To avoid misrecognition of diffusing out from the focal plane as bleaching, I 

analyzed fluorescence intensities of reconstituted EGFP in fixed U2OS cells. 

Fluorescent spots of EGFP were fitted with 2D Gaussian function to estimate 

fluorescence intensities. A fluorescent spot showed fluctuation in its fluorescence 

intensity and disappeared by single-step bleaching (Figure 3-6 a), demonstrating 

that the spot consists of single EGFP. The histogram of the fluorescence 

intensities was fitted with a single Gaussian distribution (Figure 3-6 b), 

indicating that the analyzed fluorescent spots consisted of the same number of 

the reconstituted EGFPs. Taken these two results together, we concluded that the 

fluorescent spots represented single EGFPs in the fixed cells. To further verify 

that fluorescent spots in living cells are composed of single EGFPs, the intensity 

of fluorescent spots in living cells were compared with those in the fixed cells. 

The histogram of the fluorescence intensities in living cells showed a single 

Gaussian distribution (Figure 3-6 b, right). The peak intensity of fluorescent 

spots in living cells was 45.2 ± 1.0 a.u. (mean ± s.e.m.), which was substantially 

the same as that in fixed cells (44.2 ± 0.5 a.u., Figure 3-6 b, left), indicating that 



- 66 - 

 

each fluorescent spot detected in the living cells consists of a single EGFP 

molecule. 

 

Figure 3-6. Imaging a single TERRA molecule in live cells 

(a) Time dependency of fluorescence intensity on an EGFP fluorescent spot in fixed cell. 

A single-step photobleaching occurred before 1.8 sec. (b) Histograms showing 

fluorescence intensity distribution of individual spots in fixed cells (left) and in live 

cells (right). The histograms were fit to a Gaussian distribution (line) with a peak value 

44.2 a.u. for fixed cells and 45.2 a.u. for live cells.  
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 Although the spots observed in the cells consist of a single EGFP, 

multiple EGFP should be reconstituted, in principle, because multiple probes can 

bind to TERRA. To demonstrate the ability of the probe to reconstitute multiple 

EGFP, an artificial TERRA containing six repeats of 5’-UUAGGG-3’ repeats was 

expressed in cells. mCherry was conjugated with the UUAGGG repeats to 

confirm its expression. After the transfection of the TERRA probe and the 

artificial TERRA, cells were chemically fixed. Fluorescence of EGFP and 

mCherry was detected by the fluorescence microscopy. EGFP spots were 

detected from the cells showing mCherry signals (Figure 3-7 a). A few EGFP 

spots showed two-step bleaching. Moreover, step sizes of the fluorescence 

intensity between the first-step and the second-step was identical (Figure 3-7 b). 

These results demonstrated that that three TERRA probes bind to six UUAGGG 

repeats and reconstituted two EGFP.  
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Figure 3-7. Double-step bleaching of the fluorescent spot 

(a)  Reconstituted EGFP of the TERRA probe on artificial RNA containing six repeats 

of UUAGGG. Red fluorescence from mCherry indicates the expression of the artificial 

RNA. Scale, 5 um. (b) A typical fluorescence time trace for the photobleaching of 

a single EGFP (red) and two EGFP (blue). Broken lines indicate the averaged 

fluorescence intensity. 
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3-3-5. The effect of the TERRA probe on telomere physiology 

 Function of TERRA is considered as maintenance of telomere. To 

examine whether the TERRA probe inhibits TERRA function, the effects of the 

TERRA probe on telomere structure and length were examined by the telomere 

quantitative FISH method (q-FISH). Telomere q-FISH uses fluorescently labeled 

synthetic DNA mimic which specifically binds to telomere repeats to quantify the 

number of UUAGGG repeats [82, 83]. To obtain single chromosomes, colcemid 

was added to the cells expressing the TERRA probes. Colcemid arrest the cells in 

the metaphase state by disrupting microtubule in mitotic cells. After the fixation 

of the cells, single chromosomes were extracted by resuspension with hypotonic 

buffer. The fluorescence of hybridized telomeric repeats was detected by 

fluorescence microscopy. The expression of the TERRA probe did not cause any 

significant changes in average telomere length (Figure 3-8). Moreover, I 

investigated the ratio of telomere aberration by calculating the number of a 

telomere free end (TFE) which was defined as the chromosome end without 

telomere (Figure 3-8 b). The percentage of TFE from the cells with the TERRA 

probe was 16.8% (n = 184), which was comparable to that without the TERRA 

probe (12.0%). These results indicated that the TERRA probe does not inhibit the 

ability of TERRA to maintain the telomere length and structure. 
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Figure 3-8. The effect of the TERRA probe on telomere length and 

structure 

(a) Representative telomere quantitative FISH on metaphase spreads for U2OS cells in 

the absence (left panel) or presence (right panel) of the TERRA probe. Metaphase 

spreads were stained for telomeric DNA (red) and counterstained with DAPI (cyan). 

Scale bar, 10.0 µm. (b) An enlarged image of chromosomes with telomere free end (white 

arrowhead). Scale bar, 1.0 µm. (c) Quantification of fluorescence intensity of the 

telomere for U2OS cells in the presence or absence of the TERRA probe. P-value was 

computed using the Student’s t-test. n.s. indicates P > 0.05. 
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3-4. Discussion 

 Here I developed the TERRA probe, a probe for visualizing endogenous 

TERRA with single molecule sensitivity. In the previous design, two PUM-HD 

mutants binding to different sites on the target RNA were connected with N- or 

C-terminal fragments of EGFP, respectively [80]. Contrary to the previous design, 

I developed a fluorescent probe consisting of a single PUM-HD mutant 

connected with both N- and C-terminal fragments of EGFP. The newly designed 

probe comprised of a single protein molecule which is encoded on a single 

expression plasmid. This is an advantage compared with the previous design 

because of no need to transfect two expression plasmids.  

 Specificity of the TERRA probe to TERRA is achieved through 

PUM-HD and reconstitution of EGFP. The electrophoretic mobility shift assay 

(EMSA) revealed that mPUMt did not recognize TTAGGGTT-DNA. This result 

indicated that mPUMt does not bind to telomere in the nucleus. Previously, 

PUM-HD has been shown to bind the target RNA 2000- fold higher than the 

equivalent DNA [21]. Moreover, single mutation in the target RNA reduces the 

affinity of PUM-HD 10- to 1000- fold [21]. This feature of PUM-HD ensures the 

high specificity of the TERRA probe to TERRA. In addition, reconstitution of 

EGFP enables 16-base sequences recognition of the probe. By combining split 

EGFP and PUM-HD, the probe theoretically can distinguish 4
16

 (about 4.3×10
9
) 

transcripts, which is more variety than the human genome.  

 By using the TERRA probe, I visualized TERRA at the single molecule 

level. In principle, several EGFP should be reconstituted because multiple probes 

bind to single TERRA. I showed that three TERRA probes bind to artificial 
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UUAGGG-repeats and reconstitute two EGFP. The reason why single EGFP is 

reconstituted on the TERRA can be explained by the rigid structure of TERRA, 

which will not be recognized by PUM-HD. It is known that telomeric repeats 

form series of rigid structures, named G-quadruplex structures [84, 85]. Previous 

reports revealed that most of the repeat regions form the G-quadruplex structure 

and flexible region is infrequent [85]. Considering that PUM-HD can only bind 

to single-strand of RNA, mPUMt only binds to the flexible region in the 

telomeric repeats. These results demonstrated that multiple reconstitution of 

EGFP on TERRA is unrealistic. 
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3-5. Conclusion 

 Here I developed the TERRA probe, a probe for visualizing endogenous 

TERRA with single molecule sensitivity. Mutated PUM-HD (mPUMt) binds to 

the conserved repeat regions in TERRA, enabling us to target all the sequence 

variants of TERRA. The EGFP reconstitution approach reduces he background 

signals from the probe unbound to TERRA, which is suitable for single TERRA 

molecule imaging. 

 By mutating the amino acids of PUM-HD, the probe developed in this 

study has a potential to be applied to RNAs which include repeat region in the 

sequence. Some pathogenic RNA repeats usually contain hundreds of copies of 

the trinucleotide, such as CAG repeats in Huntington diseases and CUG repeats 

in myotonic dystrophy [86]. Importantly, many lncRNAs, such as GRC-RNA 

[87] and Gomafu [88], contain repeat regions in their sequences.  

  



- 74 - 

 

3-6. Reference 

62 Derrien, T., et al. (2012) The GENCODE v7 catalog of human long 

noncoding RNAs: analysis of their gene structure, evolution, and expression. 

Genome Research 22, 1775-1789 

63 Ørom, Ulf A. and Shiekhattar, R. (2013) Long Noncoding RNAs Usher In a 

New Era in the Biology of Enhancers. Cell 154, 1190-1193 

64 Nagano, T. and Fraser, P. (2011) No-nonsense functions for long noncoding 

RNAs. Cell 145, 178-181 

65 Wapinski, O. and Chang, H.Y. (2011) Long noncoding RNAs and human 

disease. Trends in Cell Biology 21, 354-361 

66 Fatica, A. and Bozzoni, I. (2014) Long non-coding RNAs: new players in cell 

differentiation and development. Nature Review Genetics 15, 7-21 

67 Wang, K.C. and Chang, H.Y. (2011) Molecular mechanisms of long 

noncoding RNAs. Molecular Cell 43, 904-914 

68 Hung, T. and Chang, H.Y. (2010) Long noncoding RNA in genome regulation. 

RNA Biology 7, 582-585 

69 Moran, V.A., et al. (2012) Emerging functional and mechanistic paradigms of 

mammalian long non-coding RNAs. Nucleic Acids Research 40, 6391-6400 

70 Cesana, M., et al. (2011) A Long Noncoding RNA Controls Muscle 

Differentiation by Functioning as a Competing Endogenous RNA. Cell 147, 

358-369 

71 Sun, S., et al. (2013) Jpx RNA Activates Xist by Evicting CTCF. Cell 153, 

1537-1551 

72 Tsai, M.-C., et al. (2010) Long Noncoding RNA as Modular Scaffold of 

Histone Modification Complexes. Science 329, 689-693 

73 Chu, C., et al. (2011) Genomic Maps of Long Noncoding RNA Occupancy 

Reveal Principles of RNA-Chromatin Interactions. Molecular Cell 44, 667-678 

74 Kaneko, S., et al. (2010) Phosphorylation of the PRC2 component Ezh2 is cell 

cycle-regulated and up-regulates its binding to ncRNA. Genes & Development 24, 

2615-2620 

75 Rinn, J.L., et al. (2007) Functional Demarcation of Active and Silent 

Chromatin Domains in Human HOX Loci by Noncoding RNAs. Cell 129, 

1311-1323 



- 75 - 

 

76 Kam, Y., et al. (2014) Detection of a long non-coding RNA (CCAT1) in living 

cells and human adenocarcinoma of colon tissues using FIT–PNA molecular 

beacons. Cancer Letters 352, 90-96 

77 Ng, K., et al. (2011) A system for imaging the regulatory noncoding Xist RNA 

in living mouse embryonic stem cells. Molecular Biology of the Cell 22, 

2634-2645 

78 Mao, Y.S., et al. (2011) Direct visualization of the co-transcriptional assembly 

of a nuclear body by noncoding RNAs. Nature Cell Biolgy 13, 95-101 

79 Cusanelli, E., et al. (2013) Telomeric noncoding RNA TERRA is induced by 

telomere shortening to nucleate telomerase molecules at short telomeres. 

Molecular cell 51, 780-791 

80 Yamada, T., et al. (2011) Visualization of Nonengineered Single mRNAs in 

Living Cells Using Genetically Encoded Fluorescent Probes. Analytical 

Chemistry 83, 5708-5714 

81 Sako, Y., et al. (2000) Single-molecule imaging of EGFR signalling on the 

surface of living cells. Nature Cell Biolgy 2, 168-172 

82 Slijepcevic, P. (2001) Telomere length measurement by Q-FISH. In 

Chromosome Painting: Principles, Strategies and Scope (Sharma, A.K. and 

Sharma, A., eds), pp. 17-22, Springer Netherlands 

83 Deng, Z., et al. (2009) TERRA RNA Binding to TRF2 Facilitates 

Heterochromatin Formation and ORC Recruitment at Telomeres. Molecular Cell 

35, 403-413 

84 Collie, G.W., et al. (2010) Electrospray Mass Spectrometry of Telomeric RNA 

(TERRA) Reveals the Formation of Stable Multimeric G-Quadruplex Structures. 

Journal of the American Chemical Society 132, 9328-9334 

85 Collie, G.W., et al. (2010) A crystallographic and modelling study of a human 

telomeric RNA (TERRA) quadruplex. Nucleic Acids Research 38, 5569-5580 

86 Krzyzosiak, W.J., et al. (2011) Triplet repeat RNA structure and its role as 

pathogenic agent and therapeutic target. Nucleic Acids Research  

87 Zheng, R., et al. (2010) Polypurine-repeat-containing RNAs: a novel class of 

long non-coding RNA in mammalian cells. Journal of Cell Science 123, 

3734-3744 

88 Tsuiji, H., et al. (2011) Competition between a noncoding exon and introns: 

Gomafu contains tandem UACUAAC repeats and associates with splicing 

factor-1. Genes to Cells 16, 479-490 

  



- 76 - 

 

 

 

 

 

 

 

 

 

 

Chapter 4 

 

 

 

Analysis of TERRA Dynamics at the Single Molecule Level 
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4-1. Introduction 

 TERRA has been proposed to have multiple functions, such as 

heterochromatin formation and replication of telomeres [89]. Of the different 

functions of TERRA, it is suggested that there is a common molecular 

mechanism; regulating the localization of telomeric related proteins to telomere. 

In Saccharomyces cerevisae, TERRA coordinates the recruitment and activity of 

telomerase at telomere [79]. In mammalian cells, TERRA maintains 

heterochromatin and DNA stability at telomere repeats by connecting telomere 

repeat factor 2 (TRF2) and origin recognition complex (ORC), which is critical 

for maintaining heterochromatin proteins (HP1) and histone marks (H3K9me3) 

at telomeres [83, 90]. Moreover, TERRA regulates accessibility of heterogeneous 

nuclear ribonucleoprotein A1 (hnRNPA1) to a telomere during telomere 

replication. hnRNPA1 localizes to telomere when TERRA expression decreases 

in late S phase. This hnRNPA1 localization displaces replication protein A 

(RPA) from telomeric ssDNA. The binding of hnRNPA1 to the telomeric ssDNA 

is inhibited by TERRA re-accumulation at the telomere, which provides a 

window for protection of telomeres 1 (POT1), but not RPA, to bind. In this 

manner, TERRA and hnRNPA1 orchestrate a cell-cycle-regulated RPA-to-POT1 

switch on telomeric ssDNA, ensuring orderly telomere replication and capping [91, 92]. 

Despite the fact that TERRA and chromatin-modifying factors cooperate to regulate 

telomere states, the function of TERRA in telomere regulation remains elusive. 

Although the localization and motion of TERRA are governed by physical laws, simple 

Brownian motion or static confinement of TERRA at telomeres cannot explain the 

TERRA functions. The underlying mechanism which connects TERRA dynamics to its 
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function remains unclear. Spatial and temporal information of TERRA, its interacting 

proteins, and telomeres in living cells will lead to deeper understanding of TERRA 

mechanism. By using the TERRA probe, I investigated the distributions and motions of 

TERRA and hnRNPA1 in living cells at single-particle level. Based on the 

single-particle analysis, I propose a mechanistic model by which TERRA functions as a 

scaffold to hold hnRNPA1 around a telomere, inhibiting the localization of hnRNPA1 

to the telomere. 
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4-2. Experimental section 

 

4-2-1. Plasmid construction 

Fluorescent tags (mCherry, iRFP, and SNAPf) were conjugated to the N 

terminus of hTRF1 to visualize telomere positions. The fluorescent tags and 

TRF1 were amplified with PCR and were ligated. The fusion proteins were 

subcloned into a mammalian expression vector, pcDNA3.1 (+) (Invitrogen). 

 

4-2-2. Cell culture, transfection, and SNAP labeling 

U2OS cells were cultured in Dulbecco’s modified Eagle medium 

(DMEM) (Gibco) containing 10% fetal bovine serum (Gibco) at 37°C in 5% CO2 

atmosphere. For fluorescence imaging, the cells were plated on bottom-glass 

dishes (Asahi Glass Co., Japan). The cells were transfected with the expression 

plasmids using Lipofectamine LTX (Invitrogen) according to the manufacturer’s 

protocol. SNAP-tag was incubated with 0.1 μM TMR for 0.5 hr in 37 °C for 

labeling before the observation. The unbound TMR was removed by washing 

with DMEM containing 10% FBS. Before image acquisition, the cell cultivation 

medium was changed to Hanks' Balanced Salt Solution (HBSS) (GIBCO) 

containing MEM Amino Acids Solution (GIBCO), NEAA (GIBCO), 2.5 g/l 

glucose, 2 mM glutamine, 1 mM sodium pyruvate, and 10 mM 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.4). For the 

heat shock experiment, the cells were incubated at 42°C for 1 hr before the data 

acquisition. For the heat shock experiment, the cells were incubated at 42°C for 1 
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hour before the data acquisition. For the doxycycline treatment, the cells were 

treated with doxycycline 10 ng/mL for 2 hr. 

 

4-2-3. RNA isolation and reverse transcription quantitative real-time 

polymerase chain reaction (RT-qPCR) 

Cells transfected with siControl or siTERRA-1 or -2 were treated with RNAiso 

Plus (TAKARA, Japan) and were collected to a centrifuge tube containing YTZ 

ball with a diameter of 5 mm (NIKKATO, Japan). Cells were homogenized by 

oscillating the tube at the speed of 50 /sec for 2 min. After the homogenization of 

the cells, CHCl3 were added to the tubes. The tubes were centrifuged at 12,000 g 

for 15 min at 4°C. The top layers were transferred to new tubes and added an 

equal amount of isopropanol. After the vortexing, the tubes were centrifuged at 

12,000 g for 15 min at 4°C and the supernatant were removed. 75% cold ethanol 

was added to the tubes. The tubes were centrifuged at 12,000 g for 1 min at 4°C 

and supernatants were discarded. After the precipitate is dry, isolated RNA was 

dissolved by RNase-free water. 

Isolated RNA was reverse transcribed into cDNA using the SuperScript 4 

(Invitrogen Corp.). The cDNA was amplified using the primer set listed in [93]. 

SYBR Premix Ex Taq2 (Perfect Real Time) (TaKaRa) was used according to the 

manufacturer’s instructions. Quantitative real-time reverse transcription 

polymerase chain reaction (RT-qPCR) analysis was performed using a Thermal 

Cycler Dies Real Time system (TaKaRa). 

 

4-2-4. Acquisition of imaging data 
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  Single-particle fluorescence imaging of TERRA was performed using a 

home-built total internal reflection fluorescence (TIRF) microscope system. This 

system was constructed on an inverted fluorescence microscope (IX81; Olympus 

Corp., Japan) equipped with laser lines at 488 nm (CYAN-488; Spectra-Physics, 

CA) and 561 nm (JUNO 561; SOC Corp., Japan) with a PlanApo 100× oil 

immersion objective with a numerical aperture of 1.49. The laser beams were 

placed off but parallel to the optical axis to obtain inclined excitation illumination 

44,45. Emissions from EGFP and TMR were collected by the objective and were 

captured by two scientific complementary metal-oxide semiconductor (sCMOS) 

cameras (ORCA-Flash4.0v2; Hamamatsu Photonics KK, Japan). Then iRFP 

fluorescence was detected using an electron-multiplying charge-coupled device 

(EM-CCD) camera (ImagEM; Hamamatsu Photonics KK). Images were acquired 

using software (MetaMorph; Molecular Devices Corp.) at a frame rate of 10 Hz. 

 

4-2-5. Analysis of single particle trajectories 

Positional differences between the cameras and image distortion 

resulting from optical aberrations in the fluorescence images were corrected 

using a pinhole array, as described previously by Koyama-Honda et al. [94]. The 

pinhole array contained a lattice of 1-μm-diameter holes at 5-μm intervals. A 

bright-field transmission image of the array was recorded on each camera. The 

detected pixel positions of the holes were used to determine a set of third-order 

spline functions, which describe the pixel-to-coordinate relation for each camera. 

This set of functions was then applied for undistortion of the raw fluorescence 

images to obtain corrected images. 
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Before analysis, image noise reduction was performed through Gaussian 

blur filtering with ImageJ software. The x and y coordinates of each fluorescent 

spot were determined using a homemade program based on the cross-correlation 

method, as described previously [95-98]. In this method, an image and a kernel 

are described, respectively, as intensity matrices I and K, which contain both 

fluorescence signals and background. We set K to exhibit a 2D Gaussian 

distribution with a FWHM of 200 nm for EGFP and TMR and 500 nm for iRFP. 

The image was scanned by the kernel in one-pixel increments. For each 

increment, the program calculated a correlation value that describes how well the 

values in the kernel match those of the underlying image. At the relative shift, the 

position at which the kernel and the image were most similar was a maximum in 

the correlation matrix (X). Here, the cross-correlation between the kernel (K) and 

the image (I) is given as shown below.  

(1)                      𝐗𝑥,𝑦 =  ∑ ∑ 𝑰𝑥+𝑖,𝑦+𝑗 
𝑚−1
𝑗=0

𝑛−1
𝑖=0                                

In that equation, x and y denote the distance that the kernel (K) has moved over 

the original image (I). In the correlation matrix (X), regions with correlation 

values exceeding those of the background and with areas larger than five pixels 

were regarded as fluorescent spots. Their positions were determined to be the 

centroids of the correlation values of the detected spots. 

The localization precision of the detected EGFP and TMR spots was 

estimated from the standard deviations of individual spot positions in chemically 

fixed cells. To create images of TERRA, hnRNPA1, and telomere without 

background, Gaussian spots with FWHM of 200 nm were placed on a blank 

image at the coordinates at which the EGFP and TMR spots were detected. Also, 
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iRFP spots are shown on the same image as Gaussian spots with FWHM of 500 

nm. TERRA foci were defined as the nucleus position in which more than 10 

TERRA spots appeared during 8 seconds observation. 

The radial distribution function, ρ(r), was defined as the time-averaged 

density of TERRA spots in a region within a distance of r-0.25 to r (μm) from 

the center of a telomere. The ρ(r) function was calculated using the following 

equation (2). 

(2)                      ρ(r) =  ∑
𝑁r(𝑡)

𝜋𝑟2− (𝑟−0.25)2
𝑇
𝑡=0 ×  

1

𝑇
                            

Therein, Nr(t) is the number of detected TERRA spots in the region of r–r-0.25 

μm from a telomere at time t. T is the observation duration (8 s). 

For each fluorescent spot’s trajectory, the mean square displacement 

(MSD) was calculated using the following equation (3). 

(3)                   MSD(𝑛∆𝑡) =  ∑
(𝑥𝑖+𝑛∆𝑡−𝑥𝑖)2+(𝑦𝑖+𝑛∆𝑡−𝑦𝑖)2

𝑁−n

𝑁−𝑛

𝑖=1
                       

In that equation, ∆t is the sampling time interval, xi and yi are the x and y 

coordinates of the fluorescent spot at time i∆t, and N is the total frame number of 

the trajectory [36, 37]. The diffusion coefficient was derived from the slope of 

the MSD-∆t plot for 0–300 ms using least-squares fitting. Because of the 

limitation of the localization precision, the positions of the EGFP spots in 

chemically fixed cells fluctuated from frame to frame, yielding an “apparent” 

diffusion coefficient. A histogram of the apparent diffusion coefficients was 

fitted with a log normal distribution function, from which the 99% confidence 

limit of the non-mobile spots was inferred. For classification of the fluorescent 

spot movements into stationary or mobile modes, spots with a diffusion 
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coefficient smaller than the 99% confidence limit were judged as stationary. The 

remainders were classified as mobile. 

An hnRNPA1 spot and a TERRA spot were regarded as 

colocalized if the distance between these spots was less than or equal to 

a threshold value. The threshold was determined as the sum of the 

localization precisions of EGFP and TMR and the overlay accuracy 

between the EGFP and TMR images. The localization precisions of 

EGFP and TMR were estimated from the standard deviations of the 

spot positions in chemically fixed cells as (σx +σy)/2, where σx and σy are 

the standard deviations of the centroid positions in the x and y 

dimensions, respectively [99]. To evaluate the overlay accuracy of the 

images measured on different color channels, TetraSpeck Fluorescent 

Microspheres on the glass surface were compared after spatial correction. The 

differences in the centroid positions (∆x and ∆y) of the microspheres between 

color channels were calculated. The overlay accuracies were ascertained as 

(σ’x +σ’y)/2, where σ’x and σ’y are the standard deviations of ∆x and ∆y, 

respectively. All calculations were done using IGOR Pro software 

(WaveMetrics Inc., Lake Oswego, OR). 

 

4-2-6. Simulations of free diffusion 

 Free diffusion was simulated at the diffusion coefficients, 0.24 μm
2
/s, 

which is the average value of the TERRA. The jumpsize l was obtained for time t 

= 0.05 sec, according to l = (4Dt)
1/2

. For each jump, a random direction was chosen 
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based on normal random number generated by Box-Muller’s method. Each simulated 

trajectory consisted of 200 frames. 
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4-3. Results 

4-3-1. Live cell imaging of TERRA and telomere 

 Using the TERRA probe, which I developed and characterized in chapter 

3, I first investigated localization of TERRA and telomeres in living U2OS cells. 

The TERRA probe was introduced to the cells which stably express near-infrared 

fluorescent protein (iRFP)-TRF1. Fluorescence signals of EGFP and iRFP were 

detected by the fluorescence microscope. TERRA was visualized as individual 

fluorescent particles, whereas the TRF1 localized extensively to telomeres and 

was observed as punctate fluorescence spots in the nucleus (Figure 4-1 a). 

Because of the weal intensity of the single EGFP spot, background fluorescence 

hampered to determine exact position of TERRA molecules. To eliminate 

background fluorescence, I detected the position of individual EGFP spots by 

using cross-correlation. In this detection system, thickness of spot-detectable area 

was ± 200 nm from the center of the focus plane, as confirmed by the observation of 

fluorescent beads with different vertical positions (Figure 4-1 b). Then, the EGFP 

spots from the raw image were fitted with Gaussian spots with 200 nm diameter, 

corresponding to the full width at half maximum of the EGFP spots in the raw image 

(Figure 4-1a). Similarly, Gaussian spots with diameter of 500 nm were applied at the 

positions of iRFP-TRF1.  

 To analyze the distribution of TERRA in nucleus, I integrated the 

time-course observation of TERRA molecules. The time-integration of the 

Gaussian spots showed that TERRA formed foci in specific regions in the 

nucleus (Figure 4-1 c). The ratio of telomeres colocalizing with TERRA foci was 

8.9%.  
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Figure 4-1. Single spot detection of TERRA in a living cell 
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(a) Live-cell imaging of TERRA molecules. Fluorescence images of U2OS cells 

expressing iRFP-TRF1 (left), the TERRA probe (middle), and a single-particle 

reconstruction of TERRA from the middle image (right). The white broken line in the left 

panel shows the nucleus. Each Gaussian spot in the right image is reconstructed as a spot 

with 200 nm diameter. Scale bar, 2.0 μm. (b) Images of multicolor fluorescent beads at 

different focus positions. In each image, the focus position is shown at the upper left (the 

glass surface is set as 0.0 μm). Scale bar, 2.0 μm. Numbers of detected beads at various 

focus positions. More than 90% of the beads were detected within ± 200 nm of the 

surface, but the detection efficiency markedly decreased beyond this region. (c) 

Overlaid images of fluorescent spots representing telomeres (left) and TERRA (right). 

Time-integrated images were constructed to show the spatial distributions of telomeres 

and TERRA foci. The TERRA density is shown in pseudo-color. Scale bars, 4.0 μm. 

 

 

 

 

 To determine whether the foci represent the accumulation of TERRA, I 

observed temperature-dependent alternation of TERRA foci. A previous study 

showed that thermal stress on mouse embryonic fibroblast cells induces transient 

increment in the number of TERRA foci [100]. To demonstrate the ability of the 

probe to visualize thermal stress-induced alternation of TERRA foci, I prepared 

three cell samples cultured in different temperature conditions; the first was 

cultured continuously at 37°C, the second was heat shock at 42°C for 1 hour, and 

the last was cultured at 37°C after the heat shock (Figure 4-2 a). From the 

fluorescence microscopy observation, I constructed time-integrated image by 

accumulation of time frames to elicit TERRA foci (Figure 4-2 b). The treatment 

of cells at 42°C for 1 h resulted in an increase in the number of TERRA foci in 

the nucleus (Figure 4-2 c). When the temperature was shifted back to 37°C, the 
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number of TERRA foci decreased to the initial levels (Figure 4-2 c). These 

results demonstrated that the TERRA probe is applicable to analyze dynamics 

changes in TERRA foci upon different external conditions in living cells. 

 

Figure 4-2. Heat shock response of TERRA foci 

(a) Scheme of temperature incensement during the heat shock. (b) The distribution of 

TERRA foci constructed from time integrated image. TERRA foci are shown in green; 

telomere in red. The scale bar represents 4 μm. (c) Number of TERRA foci in different 

temperature. Mean numbers of TERRA foci per nucleus (mean ± s.e.m) of each 

condition are indicated. 
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4-3-2. Quantification of spatial distribution of TERRA 

 To quantify the distance between a TERRA focus and a telomere, I 

calculated a radial distribution function (ρ(r)) that evaluates the TERRA density in a 

region at a specific distance from the telomere center (Figure 4-3 a). Upon averaging 

ρ(r) for all telomeres in the observations, two peaks of condense TERRA density 

were detected at distance of 0.25 and 1.00 μm (p < 0.05, Figure 4-3 b). The peak 

at 0.25 μm indicates the localization of TERRA focus to a telomere. On the other 

hand, the peak at r = 1.00 μm suggests TERRA concentrates near a telomere. To 

confirm the specificity of the peak at r = 1.00 μm, I calculated ρ(r) of which the 

origin (r = 0.00 μm) was selected arbitrary positions outside of the telomeres. 

Under the condition, a peak was detected only at r = 0.25 μm (Figure 4-3 c). In 

addition, the ρ(r) of hnRNPA1 was calculated, revealing no ρ(r) peak for 

hnRNPA1 around a telomere (Figure 4-3 d). These data suggest that the peak at r 

= 1.00 μm is characteristic of the TERRA distribution around a telomere. 

Moreover, the ρ(r) calculated for individual telomeres showed inhomogeneous 

distributions of TERRA around telomeres (Figure 4-3 e). Here, local maximum 

of ρ(r) was defined as greater than twice the value at ρ(r > 3.50 μm). Based on 

this definition, the ρ(r) was categorized into four patterns: no peak (41%); a 

single peak at a telomere (r < 0.50 μm, 20%); a single peak near telomere (0.75 < 

r < 2.00 μm, 29%); and double peaks at and near a telomere (10%, Figure 4-3 e). 

These results indicate that 39% of telomeres were located within 1–2 μm of a 

TERRA focus (Figure 4-3 f). 
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Figure 4-3. Analysis of TERRA distribution 

(a) Schematic of the radial distribution function, ρ(r). ρ(r) is the number of TERRA 

spots divided by the observation time and area within the region between r-0.25 and r 

(µm) (blue) from the center of a reference telomere (magenta). (b) Averaged ρ(r) of the 

TERRA spots for all the telomeres in the cell shown in Figure 2A (±s.e.m., n = 26). ρ(r 

= 0.25 μm) and ρ(r = 1.00 μm) exceed ρ(r > 3.00 μm) (Student’s t-test, p < 0.05). (c) 

Averaged ρ(r) of the TERRA spots in Figure 4-1c (±s.e.m., n = 30) for randomly 

selected positions. When a position was selected at a TERRA-accumulated spot, ρ(r = 

0.25 μm) exceeded ρ(r > 0.25 μm). (d) Averaged ρ(r) of hnRNPA1 (±s.e.m., n = 26) for 

the telomeres in Figure 4-1 c. (e) Plots of ρ(r) against r for the four individual telomeres 

shown in Figure 2b. The dotted line represents the threshold for the peak (ρ(r) = 1.9). (f) 

Values for peak positions in ρ(r) (n = 117) in single cells are shown as a function of the 

distance from a telomere. 
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4-3-3. Quantitative analysis of TERRA motion 

 A notable application of the TERRA probe is analyzing the kinetics of 

TERRA dynamics at the single molecule level in living cells. To quantify the 

individual TERRA motions, we tracked the motion of EGFP spots. The motion of 

each TERRA spot was characterized by its diffusion coefficient (DTERRA). To 

calculate DTERRA mean-squared displacement (MSD) of the trajectories was 

calculated as a function of time lag, ∆t. The DTERRA values for individual TERRA 

molecules were widely distributed, ranging from 5.90×10
-4

 to 1.28 μm
2
/s, 

indicating the existence of multiple modes of TERRA motion. Due to the thermal 

fluctuation and detection error, DTERRA of a spot restricted at a specific position is 

not zero. To define a stationary mode, I estimated the apparent diffusion 

coefficients (Dfix) of TERRA in fixed cells. The distribution of Dfix was fitted 

with a lognormal function for which the 99% confidence limit was 5.53×10
-2

 

μm
2
/s (Figure 4-4 a). Based on this result, stationary mode was defined as the 

motion of TERRA spots in living cells with DTERRA values lower than 5.53×10
-2

 

μm
2
/s (Figure 4-4 b). From this classification, we found that 29% of the total 

TERRA were in the stationary mode, whereas the remainder was in a mobile 

mode. The DTERRA distribution of the mobile TERRA was fitted with a lognormal 

distribution (mean; 0.15 μm
2
/s, variance; 0.02 μm

2
/s, Figure 4-4 b). The mean 

DTERRA was of the same order of magnitude as that previously reported on 

poly(A) RNA in living cells [101, 102], suggesting that TERRA in the mobile 

mode diffuses freely in a manner similar to that of other RNAs in the nucleus. 

Notably, two modes of TERRA were present at telomeres (r < 0.50 μm): a 

stationary mode (38%) and a mobile mode (62%, Figure 4-4 c, d). Numerous 
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stationary TERRA molecules were localized to telomeres during the observation 

period (Figure 4-4 c). In contrast, mobile TERRA molecules colocalize 

transiently with a telomere for 0.1–0.3 s and were largely diffuse in the 

nucleoplasm (Figure 4-4 c). Moreover, the ratio of stationary TERRA in the 

telomere-neighboring region (0.75 < r < 2.00 μm) was 42%, which was higher 

than that in the nucleoplasm (29%, p < 0.001), suggesting that the motions of 

TERRA are confined in the telomere-neighboring region. 
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Figure 4-4. Analysis of TERRA motion 

(a) Histogram of the diffusion coefficients of fluorescent spots in chemically fixed cells. 

The distribution of the apparent diffusion coefficients of EGFP spots (n = 181) in 

chemically fixed cells. Histograms are fitted with lognormal distributions with mean 

values of 5.32×10
-3

 μm
2
/s (variance, 9.33×10

-3
 μm

2
/s). (b) Histogram of the diffusion 

coefficient distribution of stationary TERRA (red, n =200) and mobile TERRA (blue, 

n=502) with a minimum track length of 7 frames (700 ms). Distribution of the diffusion 

coefficients of mobile TERRA was fitted with a lognormal function (black line). (c) 

Spatial distribution of TERRA in mobile and stationary phases. Mobile TERRA spots 



- 95 - 

 

with D > 5.53×10
-2

 μm
2
/s are shown in cyan. The spots in the stationary phase are 

shown in orange. The images are overlaid with the localization of telomeres (magenta). 

Scale bar, 2.0 μm. (d) Sequential images of stationary and mobile TERRA on or near a 

telomere. Scale bars, 0.5 μm. 
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4-3-4. Live cell imaging of TERRA, hnRNPA1, and telomere 

 Most of the models of TERRA functions are based on the hypothesis that 

TERRA works as a scaffold at a telomere [83, 90]. However, the existence of 

stationary TERRA around telomeres suggests another mechanism of the TERRA 

function. Recently, it was suggested that TERRA inhibits the localization of 

hnRNPA1 to telomeres, which cannot be explained using the scaffold model [91]. 

To assess the possibility of inhibitory activity of TERRA on hnRNPA1, we 

examined the dynamics of TERRA, hnRNPA1, and telomeres in living cells. 

Expression plasmids for the TERRA probe and SNAPtag-fused hnRNPA1 were 

transfected into cells stably expressing iRFP-TRF1. After staining the 

SNAP-hnRNPA1 with TMR, we observed the three factors by their respective 

fluorescence signals. As analyzed in TERRA, we classified the motions of 

hnRNPA1 into stationary or mobile modes (Figure 4-5 a,b). This classification 

revealed that only 29% of the hnRNPA1 on telomeres were stationary and that 

the remainder were mobile (r < 0.50 μm, Figure 4-5 c), indicating that 

localization of hnRNPA1 to telomeres is transient.  
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Figure 4-5. Analysis of TERRA motion 

(a) Histogram of the diffusion coefficients of fluorescent spots in chemically fixed cells. 

The distribution of the apparent diffusion coefficients of TMR spots (b, n = 141) in 

chemically fixed cells. Histograms are fitted with lognormal distributions with mean 

values of 2.27×10
-3

 μm
2
/s (variance, 3.64×10

-3
 μm

2
/s) for TMR. (b) Distributions of the 

diffusion coefficients of stationary hnRNPA1 (orange, n = 46) and mobile hnRNPA1 

(cyan, n = 112) on telomeres. (c) Sequential images of mobile hnRNPA1 localized 

transiently to a telomere (magenta). Scale bar, 1.0 μm. 
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4-3-5. Definition of TERRA-hnRNPA1 complex in living cells 

 Next, we calculated the distance between TERRA and hnRNPA1 to 

detect TERRA-hnRNPA1 complexes in living cells. Colocalization of TERRA 

with hnRNPA1 was defined according to their localization precisions (32 nm for 

TERRA and 28 nm for hnRNPA1, Figure 4-6 a) and overlay accuracy between 

EGFP and TMR (30 nm). To ensure whether colocalization resulted from an 

accidental overlap or complex formation, I investigated the durations of 

individual colocalization events. To define the accidental overlap of two spots, I 

evaluated the colocalization of TERRA with H2A, which does not interact each 

other, lasts only 0.2 sec (Figure 4-6 b). In the case of TERRA-hnRNPA1 

colocalization, the fraction of events in which the colocalization duration 

exceeded 0.2 sec was 26% of the total number of colocalization events. This ratio 

was significantly higher than that for colocalization with H2A (6.1%). Therefore, 

the colocalization of TERRA with hnRNPA1 lasting longer than 0.2 sec were 

defined as TERRA-hnRNPA1 complexes (Figure 4-6 c, d). 
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Figure 4-6. Definition of TERRA-hnRNPA1 complex formation 

(a) Distribution of the centroid positions of individual EGFP (left) and TMR (right) 

spots in chemically fixed cells. Each spot gives a cluster of localizations because of the 

detection error during observations. The localizations of 95 clusters of EGFP and 205 

clusters of TMR (indicated as diamonds) were aligned by their centers of mass to 

generate the overall 2D presentation of the localization distribution. (b) Distributions of 

the duration of TERRA colocalization with hnRNPA1 (yellow) and H2A (gray). In all, 

130 colocalization events were analyzed for the respective proteins. (c) Spatial 

distribution of the colocalization between TERRA and hnRNPA1 in the nucleus. 
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TERRA-hnRNAP1 complexes are shown as yellow spots. Accidental overlaps are 

shown as cyan spots. Telomeres are represented by magenta spots. Scale bars, 2.0 μm 

and 0.5 μm (inset). (d) Sequential images of the colocalization of a TERRA spot (green) 

and an hnRNPA1 spot (red). Overlapping events that exceeded 0.2 s (yellow 

arrowheads) show TERRA-hnRNPA1 complex formation. Overlap sustained only for 

0.1 s (cyan arrowhead) was regarded as an accidental overlap. Scale bars, 0.1 μm. 
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4-3-6. Distribution and dynamics of TERRA-hnRNPA1 complexes 

 To analyze the spatial distribution of TERRA-hnRNPA1 complexes, the 

percentage of the complexes was shown against the distance from a telomere 

(Figure 4-7 a). Importantly, the plot exhibited a local maximum in the 

telomere-neighboring region (0.5 < r < 1.5 μm). We also evaluated the 

colocalization of TERRA and freely diffusing spots generated by computer 

simulation. The spatial distribution of the colocalization between TERRA and the 

freely diffusing spots was homogeneous around telomeres (Figure 4-7 a). These 

results indicate that the formation of TERRA-hnRNPA1 complex occurs 

intensively in the telomere-neighboring region. Although both TERRA and 

hnRNPA1 localized to telomeres (Figure 4-4, 4-5), the frequency of the complex 

formation on a telomere was less than 0.1 (Figure 4-7 a), which was comparable 

to that in the nucleoplasm. Based on these results, I hypothesized that TERRA in 

telomere-neighboring areas, rather than that at a telomere, is responsible for the 

delocalization of hnRNPA1. To test this hypothesis further, I investigated 

whether hnRNPA1 localization to a telomere depends on the presence of TERRA 

in the telomere-neighboring region. In the presence of TERRA in a 

telomere-neighboring region, the number of hnRNPA1 spots on the telomere was 

lower by half (p < 0.05, Figure 4-7 b) than that on a telomere without TERRA 

around it.  
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Figure 4-7. TERRA-hnRNPA1 complex around telomeres 

(a) Fraction of colocalized regions shown as a function of the distance from a telomere: 

yellow, TERRA-hnRNPA1 complex formation (* indicates p < 0.05, Student’s t-test); 

gray, simulated colocalization of TERRA with a freely diffusing molecule. (b) 

Correlation between hnRNPA1 localization to a telomere and TERRA accumulation 

around the telomere. The hnRNPA1 spots on telomeres were counted. During the 

observation, telomeres were categorized into two groups based on TERRA localization: 

TERRA localized to a telomere-neighboring area (TERRA around telomeres: +, n = 13) 

and no TERRA located around a telomere (TERRA around telomeres: -, n = 14). When 

TERRA was absent around a telomere, the number of hnRNPA1 occurrences was 6.8 

spots/s, whereas this value was reduced by half when TERRA was present in the 

telomere-neighboring area (average: 3.2 spots/s, p < 0.05). 
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Moreover, I explored the ability of TERRA to inhibit hnRNPA1 

localization to telomere by depleting endogenous TERRA. Analysis of real-time 

PCR revealed that two different siRNAs (siTERRA-1 and siTERRA-2) made the 

TERRA level depleted to ~40% of control levels (Figure 4-8 a, b)[93]. The 

effect of TERRA depletion on hnRNPA1 diffusion was examined by calculating 

the diffusion coefficients (Figure 4-8 c). We found no significant difference in 

the diffusion coefficients between control and TEERA knock down (KD, Figure 

4-8 c), suggesting that TERRA has no effect on free-diffusing hnRNPA1 in 

nucleoplasm. Importantly, the number of hnRNPA1 spots on telomeres in the 

TERRA KD cells was twice larger than that on a telomere with TERRA around it 

in the control cells, and was comparable to that on a telomere without TERRA 

around the telomere (Figure 4-8 d). Consequently, I concluded that hnRNPA1 

localization to telomeres is prevented when TERRA accumulates around the 

telomere and forms complexes with hnRNPA1. 
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Figure 4-8. The effect of TERRA depletion on hnRNPA1 motion and 

distribution 
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(a) U2OS cells were transfected with siCTRL, siTERRA1, and siTERRA2. The amount 

of TERRA from individual subtelomeres were measured from total RNA and 

normalized to GAPDH mRNA. The bars represent the average values from three 

biological and two technical replicates for each sample. (b) Fluorescence images were 

obtained from U2OS cells expressing iRFP-TRF1 (telomere), the TERRA probe 

(TERRA), SNAP-hnRNPA1 labeled with TMR (hnRNPA1), and their merged images. 

The cells were transfected with siCTRL (upper), siTERRA-1 (middle), and siTERRA-2 

(right). The scale bar represents 5.0 μm. (c) Quantification of the diffusion coefficients 

of hnRNPA1 in the cells transfected with each siRNA. n = 513 (siCTRL), 592 

(siTERRA-1), 376 (siTERRA-2). (d) The number of hnRNPA1 spots observed at the 

telomeres in each cell condition. Mean numbers of hnRNPA1 spots per second (mean ± 

s.e.m) under each condition are indicated. In c and d, P-value was computed using the 

Student’s t-test. n.s. indicates P > 0.05,  * indicates P < 0.05, *** indicates P < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

 



- 106 - 

 

To address the mechanism by which the TERRA near a telomere inhibits 

the localization of hnRNPA1 at the telomere, I analyzed the diffusion coefficients 

of TERRA and hnRNPA1 that form complexes mutually. Based on the analysis, 

only 24% of hnRNPA1 was categorized in the stationary mode, in contrast to 

88% of TERRA in stationary mode (Figure 4-9). This result suggests that 

complex formation occurs primarily between stationary TERRA and mobile 

hnRNPA1 in telomere-neighboring regions. 

 

Figure 4-9. motion analysis of TERRA and hnRNPA1 which form the 

complex 

Scatter plot of the diffusion coefficients of TERRA and hnRNPA1 including a period of 

complex formation within the trajectory. Broken lines show thresholds between the 

stationary and mobile phases. 
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4-4. Discussion 

 In this chapter, I analyzed the distribution and motion of TERRA 

quantitatively by using the TERRA probe which was developed and 

characterized in chapter 3. By observing TERRA, hnRNPA1, and telomeres in 

single living cells, I investigated how TERRA regulates the localization of 

hnRNPA1 to a telomere. First, I analyzed the density of TERRA around each 

telomere quantitatively. By calculating the radial distribution function of TERRA 

around a telomere, the TERRA distribution was categorized into four patterns: 

absence (40%); at a telomere (20%); near a telomere (0.75–2.00 μm distant from 

the telomere, 30%); both at and near a telomere (10%). Moreover, analysis of 

TERRA motion revealed that the population of the stationary TERRA near a 

telomere was 42%, which is similar to that at a telomere (38%) and higher than 

that in nucleoplasm (30%). These results suggest that TERRA significantly 

accumulated in the region apart (approx. 1.0 µm) from a telomere. It has been 

proposed that telomere-bound TERRA acts as a molecular scaffold to promote 

recruitment of telomere-binding proteins to the telomere [83, 103, 104]. 

Therefore, I hypothesized that TERRA may provide scaffolds for 

telomere-binding proteins in the telomere-neighboring region to regulate the 

accessibility of the proteins to the telomeres. 

I tested the hypothesis by examining whether TERRA in the 

telomere-neighboring region regulates the localization of hnRNPA1 to the 

telomere [91, 92]. First, I quantified the density of hnRNPA1 around a telomere, 

which revealed that hnRNPA1 showed homogeneous distribution around a 
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telomere in contrast to the case of TERRA. Moreover, analysis of hnRNPA1 

motion revealed that a large fraction of hnRNPA1 at telomeres was in mobile 

mode (71%). The mobile hnRNPA1 molecules were confined transiently at 

telomeres for only 0.1–0.3 s. These results suggest that binding of hnRNPA1 to a 

telomere is not static, but rather is in a certain equilibrium state. Intriguingly, the 

percentage of hnRNPA1 at a telomere decreased with the existence of TERRA in 

the telomere-neighboring region. These results suggest that TERRA in the 

telomere-neighboring region inhibits hnRNPA1 localization at the telomere. 

I further investigated the mechanism underlying the negative correlation 

between TERRA near a telomere and hnRNPA1 at the telomere by analyzing the 

formation of TERRA-hnRNPA1 complexes. Notably, the complex formation 

occurred specifically in the telomere-neighboring region. This specific formation 

of TERRA-hnRNPA1 complex raised the possibility that TERRA near the 

telomere traps hnRNPA1 to shift the equilibrium toward an hnRNPA1-unbound 

state of the telomere. This idea was supported by results of analysis of TERRA 

and hnRNPA1 motions in the complexes. Analysis of the diffusion coefficient 

revealed that 88% of TERRA which formed the complex was in stationary mode, 

whereas only 24% of hnRNPA1 was in stationary mode, indicating that 

stationary TERRA traps the diffusing hnRNPA1 in the telomere-neighboring 

region. 

Based on these results, I propose that these characteristic distributions and 

dynamics of TERRA correlate with its function: TERRA controls the on/off 

binding of hnRNPA1 to a telomere by acting as a scaffold for hnRNPA1 near the 

telomere (Figure 4-10). In this model, the binding of hnRNPA1 to a telomere 
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occurs at certain equilibrium in the absence of TERRA. When TERRA localizes 

to the telomere-neighboring region, the locally accumulated TERRA captures 

diffusive hnRNPA1, shifting the equilibrium toward the hnRNPA1-unbound 

state of telomere. Biochemical studies showed that incubation of 

hnRNPA1-coated telomere DNA with TERRA led to isolation of naked telomere 

DNA, suggesting that the presence of TERRA at telomeres promote the 

dissociation of hnRNPA1 from the telomere [91, 92]. Based on this result, they 

proposed a model by which hnRNPA1 shuttles between a telomere and TERRA 

dynamically when the concentration of TERRA is high. In this study, we refined 

this model further by single-particle analysis of TERRA and hnRNPA1: 

hnRNPA1 shuttles between a telomere and nucleoplasm even without the 

existence of TERRA; TERRA localized in a telomere-neighboring region, rather 

than at a telomere, interacts with hnRNPA1 and contributes to hnRNPA1 

dissociation from the telomere. 
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Figure 4-10. model based on the single-particle analysis of TERRA 

Model showing how TERRA regulates the localization of hnRNPA1 on a telomere. 

When TERRA is absent around a telomere (shown as a black bar), the binding of 

hnRNPA1 to the telomere is at equilibrium (left). When TERRA localizes to the 

telomere-neighboring region (0.75–2.00 μm from the telomere center), the locally 

accumulated TERRA captures hnRNPA1, shifting its equilibrium toward the 

telomere-unbound form (right). 

 

 

 

  



- 111 - 

 

4-5. Conclusion 

 Here present live-cell imaging of TERRA at single-molecule level. By 

analyzing the TERRA and hnRNPA1 dynamics, I connected the distribution and 

motion of TERRA with its function. Here I like to emphasize the mechanism how 

TERRA, of which motion is governed by physical low, realize the function: local 

accumulation shift the equilibrium of its-interacting protein. TERRA has diverse 

function and the model presented in this study cannot explain the whole function. 

However, in principle, single-particle analysis of TERRA will be applicable to 

further study of TERRA. 
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Chapter 5 

 

 

 

General conclusion 
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Through my PhD thesis, I developed a fluorescent probe based on 

sequence-specific RNA-binding domain, PUM-HD, and split EGFP fragments. 

The fluorescent probe developed in this study enable to visualize endogenous 

target RNA with single-molecule sensitivity. I applied this probe to β-actin 

mRNA which produced cytoskeletal actin protein and a long non-coding RNA 

transcribed from a telomere, telomeric repeat-containing RNA (TERRA). 

Single-molecule imaging of β-actin mRNA showed growth-factor dependent 

localization of β-actin mRNA to leading edge and directional movement along 

microtubules. Moreover, single-particle fluorescence imaging revealed that 

TERRA accumulated in a telomere-neighboring region and trapped diffusive 

heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1), thereby inhibiting 

hnRNPA1 localization to the telomere. This result suggests that TERRA regulates 

binding of hnRNPA1 to the telomere in a region surrounding the telomere, 

leading to a deeper understanding of the mechanism of TERRA function. 

 The hallmark of my PhD study is a proposal of a mechanistic model 

based on the analysis of RNA with single-molecule sensitivity. Currently, most 

models in life-science are based on the static molecular interaction in vitro, which 

lacks motions of individual RNAs and proteins involved in the models and 

sub-cellar distribution of molecular interaction. Although the localization and 

motion of the molecules are governed by physical laws, the dynamics in the 

models cannot be explained by simple Brownian motion or static confinement. 

As discussed in chapter 4, I showed that local concentration of TERRA around a 

telomere is critical for shifting the binding equilibrium of hnRNPA1 to the 
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telomere. This study is, to my knowledge, the first study that lncRNA function is 

explained by its distribution and motion at the single-molecule level.  

In conclusion, this study demonstrates the potential of live-cell imaging 

of NRA in studying RNA functions of interest. Single-particle analysis reveals 

the relation between RNA dynamics and its function, establishing the 

mechanistic model based on the spatiotemporal information in living cells. The 

probe developed in this study can be broadly applicable for various RNAs 

because of its flexibility of PUM-HD recognition. The PUM-based probe with a 

single-particle tracking technique is a powerful tool for investigating the 

mechanistic insights into such RNA functions. It can reveal the significance of 

RNA dynamics in living cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 


