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Abstract 

We present SiCLAT, which introduces a dCas9-dCas13d cassette into the mouse 
genome. This model enables the stable expression of both dCas9 and dCas13 proteins 
in diverse cell populations, facilitating concurrent labeling of DNA and RNA across vari-
ous cell types. Using SiCLAT, we accurately labeled chromatin loop anchor interac-
tions and associated gene transcription during myogenic differentiation. This imaging 
system offers a novel means of directly observing cis-element interactions and the cor-
responding gene transcription in living primary cells, thus providing real-time imag-
ing for comprehensive mechanistic investigations of dynamic enhancer-promoter 
or enhancer-enhancer interactions in regulating transcription activation within living 
cells.
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Introduction
In eukaryotes, the three-dimensional (3D) organization of chromatin within the nucleus 
critically regulates gene expression during development, underscoring the vital con-
nection between spatial structure and functional outcomes. Over the past decade, 
advancements in Hi-C and its derivative techniques have facilitated the generation of 
comprehensive datasets of chromatin interactions. These datasets are instrumental in 
deciphering complex, high-dimensional chromatin architectures, including nuclear 
compartments, topologically associated domains (TADs), and chromatin loops [1, 2]. 
To further resolve these structures and elucidate their functions in single cells, chroma-
tin tracing techniques has been developed, including ORCA [3], MERFISH [4], MINA 
[5], and Hi-M [6, 7], which are capable of concurrently profiling chromosome archi-
tecture and transcriptional activity within individual cell nuclei. Such approaches offer 
the insights into the intricate structure at a finer scale, including specific topologically 
associated domains (TADs), sub-TADs, and chromatin loops. Importantly, the genome 
structure is dynamic, particularly with respect to the function of enhancer-promoter 
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(E-P) interactions [8, 9] in controlling the transcription of lineage-specific genes during 
development [10–15]. The exploration of the dynamic genome structure has prompted 
the development of live-cell imaging techniques in various biological systems such as in 
Drosophila [8] and mouse embryonic stem cells (ESCs) [9], facilitating our understand-
ing of the dynamic interplaying between E-P and transcriptional activity at the single-
cell level.

It is worth to know that the cis-elements or other chromatin loop anchors rarely con-
tain repetitive DNA sequences; therefore, researchers have endeavored to label non-
repetitive genomic loci in living cells by introducing extraneous repetitive sequences 
[8, 9, 15–17] or using modified long-sequence gRNAs [18–20] to amplify fluorescence 
signals. However, those imaging tools are still scarce to label chromatin loop anchors 
with their corresponding transcripts in different primary cells to explore their structure 
dynamics and transcriptional regulation of gene expression.

To address these, we herein present a rational design for assembling fluorescent ribo-
nucleoproteins (fRNPs) within the nuclei of living cells. We developed a multifunctional 
transgenic mouse model (referred to as SiCLAT) by integrating a CAG promoter-LSL-
dCas9-P2A-dCas13d-PolyA cassette into the mouse genome. This strategic design ena-
bled us to stably express dCas9 and dCas13 proteins across diverse cell populations by 
either crossing SiCLAT mice with mice harboring Cre under cell-type-specific promot-
ers or transducing primary cells with Cre-expressing adenovirus. The fRNPs assembled 
in the nuclei of living cells facilitated the concurrent labeling of chromatin loop anchors 
(DNA) and their associated gene transcription (nascent RNA) across various cell types. 
Using the SiCLAT imaging system, we examined the ability of simultaneous labeling 
chromatin loop anchors and associated gene transcription during myogenic differentia-
tion. Our data indicate that SiCLAT could potentially serve as a convenient and viable 
imaging system to provide reliable data for the future functional and dynamic under-
standing of chromatin structure in living cells.

Results
Rational design of SiCLAT for co‑imaging of DNA and RNA in living cells

To visualize E-P chromatin loops and their associated gene transcription during cell 
lineage differentiation, we developed a multifunctional mouse model for imaging chro-
matin loops and transcription (SiCLAT). We first introduced a CAG-LSL-dCas9-P2A-
dCas13d-PolyA cassette into the mouse genome to generate a random transgenic mouse 
model (Fig. 1); this enabled us to stably express dCas9 and dCas13 proteins within vari-
ous cell populations by crossing the mice expressing cell lineage-specific Cre or directly 
delivering plasmids/viruses encoding Cre recombinase into primary cells obtained from 
these mice. The delivery of fluorescent guide RNAs (fgRNAs) via electroporation pro-
motes the fgRNAs binding with dCas9 and dCas13d to assemble the fRNP in the pri-
mary cell nucleus, which lights the prospective loci by fRNP targeting and allows us 
to simultaneously label chromatin loop anchors (DNA) and gene transcription (RNA) 
across diverse cell types (Fig. 1).

Before generating the engineered SiCLAT mice, we first tested whether nuclear-
localized dCas9 proteins expressed in cells would undergo efficient assembly with 
electroporation-delivered fgRNAs to generate the fluorescent ribonucleoproteins 
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(fRNPs) needed for genomic DNA imaging. To this end, we transfected primary fibro-
blast with a dCas9-EGFP plasmid to pre-express the dCas9 protein, and then elec-
troporated the cells with fgRNA-Cy5 designed to target the A-kinase anchor protein 
locus (Akap6), which contains an 87-copy repetitive sequence [21] (Additional file 1: 
Fig. S1a). Imaging revealed that the Akap6 locus could be effectively visualized using 
either dCas9-EGFP or fgRNA-Cy5 (Additional file 1: Fig. S1b), with fgRNA-Cy5 imag-
ing exhibiting a stronger signal intensity and higher signal-to-background (S/B) ratio 
compared to dCas9-EGFP visualization (Additional file 1: Fig. S1b-d). This was con-
sistent with a previous report indicating that fgRNA-mediated imaging is superior to 
fluorescent-dCas9 DNA labeling [22]. Our results further revealed that dCas9-fRNP 
was effectively assembled in the nucleus for genomic DNA imaging. Meanwhile, 
recent work highlighted the successful application of dCas13d-fRNP for cellular RNA 
imaging [22]. Collectively, the present and previous results provide support for our 
rational design of the SiCLAT imaging model to enable the simultaneous labeling of 
DNA and RNA in living cells.

To validate the functionality of the engineered SiCLAT system, mouse-derived 
primary cells were infected with adenovirus expressing the Cre recombinase (Ad-
Cre-EGFP) to activate dCas9 expression, and electroporation was used to deliver 
fgRNA-Cy5 targeting the Akap6 locus (Additional file  1: Fig. S2a). fgRNA-Cy5 tar-
geting Galectin 4 (Gal4) was used as a negative control, as previously reported 
[23]. We successfully detected the Cy5 signal at the Akap6 locus, whereas no signal 
was detected for Gal4 (Additional file  1: Fig. S2b). Remarkably, one or both alleles 
of Akap6 were lighted in cells that were Cre-positive  (Cre+) and EGFP-positive 
 (EGFP+), but not in those that were Cre-negative  (Cre−) and EGFP-negative  (EGFP−), 
indicating the high-level specificity of the SiCLAT DNA imaging system (Additional 
file 1: Fig. S2c-e). Significantly, SiCLAT DNA imaging demonstrated consistent effi-
cacy across a diverse array of tested cell types, including but not limited to renal cells, 
hepatocytes, neural stem cells, myoblasts, preadipocytes, and fibroblasts (Additional 
file 1: Fig. S2f ).

We compared the DNA imaging ability of SiCLAT with that of the recently developed 
LiveFISH [22] technique and found that SiCLAT and LiveFISH demonstrated compara-
ble S/B ratios and sensitivity levels for allele pair visualization (Additional file 1: Fig. S1e-
g). These findings compellingly suggest that SiCLAT is a viable DNA imaging system 
that can label DNA via endogenous dCas9-driven assembly of nuclear fRNPs.

(See figure on next page.)
Fig. 1 Schematic of SiCLAT. a SiCLAT mice were generated by introducing a 
CAG-LSL-dCas9-P2A-dCas13d-PolyA cassette into the mouse genome (CAG, CMV early enhancer/chicken 
beta actin promoter; LSL, LoxP-Stop-LoxP; P2A, porcine teschovirus-1 2A). The stable co-expression of dCas9 
and dCas13 within various cell populations was achieved by crossing SiCLAT mice with cell lineage-specific 
Cre mice or by directly delivering plasmids/viruses encoding Cre recombinase into primary cells obtained 
from the SiCLAT mice. Simultaneous labeling of DNA and RNA across diverse cell types was accomplished 
by delivering fluorescent guide RNAs (fgRNAs) via electroporation. b To visualize chromatin loops and their 
associated gene transcription, loop anchors found generally within non-repetitive DNA regions were labeled 
with pools of 15 fgRNAs and nascent RNA transcripts were labeled with pools of 20 fgRNAs, respectively
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Fig. 1 (See legend on previous page.)
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SiCLAT enables visualization of non‑repetitive DNA in living cells

Next, we examined the ability of the SiCLAT to visualize non-repetitive genomic DNA 
by delivering multiple fgRNAs. To accomplish this, we first designed experiments to 
ascertain how many fgRNAs should be in a fgRNA pool to label non-repetitive DNA 
with high specificity and sensitivity. We designed separate fgRNAs for three loci on 
chromosome 12 that have different numbers of repeats (Akap6, 87 copies; Sμ, 18 copies; 
Sγ1, 7 copies) [21] (Additional file 1: Fig. S3a) and individually tested their labeling effi-
ciency. One or two alleles were detected in living cells for all three loci (Additional file 1: 
Fig. S3b-d). The efficiency of paired-allele labeling was lower for Sμ (18 copies) than for 
Akap6 (87 copies), whereas their single-allele labeling was similar Additional file 1: Fig. 
S3b, d). This suggests that ~ 18 targeted locations (repeats) are adequate for non-repeti-
tive DNA labeling within living cells.

Based on these findings, we used a pool of 15 fgRNAs to assess the capacity of SiCLAT 
to enable visualization of non-repetitive genomic DNA. We selected five individual non-
repetitive genomic loci known to be present within enhancer-promoter (E-P) chromatin 
loop anchors in muscle cells [24]: the Myogenin gene promoter (Myog) and the myosin-
binding protein H gene promoter (Mybph) on chromosome 1 and the actin alpha cardiac 
muscle 1 gene promoter (Actc1-P) and its enhancers (Actc1-E1, Actc1-E3) on chromo-
some 2 (Additional file  1: Fig. S4a, b). For each locus, we designed 15 fgRNAs tiling 
regions of 1 ~ 3 kb and end-labeled each set with an individual fluorophore (Atto647N, 
Atto488, FAM, TAMRA, Cy5). SiCLAT mice were crossed with Pax7-Cre mice to spe-
cifically activate dCas9 expression in myoblasts (Additional file 1: Fig. S5a), and fibro-
blasts isolated from SiCLAT mice were infected with Cre recombinase-expressing 
adenovirus to activate the expression of dCas9. The fgRNA pool for each locus was elec-
troporated into the primary fibroblasts, myoblasts, and differentiated myocytes and sub-
jected to DNA imaging. We found that all five non-repetitive genomic loci were labeled 
for single or paired alleles, with relatively high S/B ratios obtained after deconvolution 
processing in the three cell types (Fig. 2a,b and Additional file 1: Fig. S5b-g). Moreover, 
the fgRNA pool targeting the genomic region near the gene did not significantly affect 

Fig. 2 SiCLAT enables visualization of non-repetitive DNA in living cells. a Representative images showing 
visualization of five non-repetitive genomic loci in primary myoblasts isolated from Pax7-Cre; SiCLAT- or 
SiCLAT-derived primary fibroblasts infected with Ad-Cre (Gene-fluo: Myog-Atto647, Mybph-Atto488, 
Actc1(P)-FAM, Actc1(E1)-TAMRA, Actc1(E3)-Cy5). Scale bar, 2 μm. b Fractions of cells with single- or paired-allele 
labeling of the five non-repetitive genomic loci in primary myoblasts isolated from Pax7-Cre; SiCLAT mice. c 
Experimental design for co-labeling of two sites (Myog and Mybph) or three sites (Actc1-P, Actc1-E1, Actc1-E3) 
of non-repetitive genomic loci in Pax7-Cre; SiCLAT mouse-derived primary myoblasts, primary myocytes 
or SiCLAT-derived fibroblasts infected with Ad-Cre. d Representative images showing co-labeling of Myog 
(red) and Mybph (green) or co-labeling of Actc1 E3 (Violet), Actc1 P (cyan), and Actc1 E1 (yellow) in primary 
fibroblasts, primary myoblasts, or myocytes, as described in panel c. Scale bar, 2 μm. e Representative 
images showing co-labeling of Myog (red) and Mybph (green) in Pax7-Cre; SiCLAT mouse-derived primary 
myoblasts cultured for 24 h and 72 h. Scale bar, 3 μm (left), 0.5 μm (right). f Fractions of cells with two-site 
co-labeling (Myog and Mybph) or single-site labeling (either Myog or Mybph) from among the primary 
myoblasts presented in panel e. g Representative images of the Myog or Actc1 E3 locus with Tn5-FISH 
followed by SiCLAT labeling in fibroblasts. The images show the signal of the Myog locus (green, Tn5-FISH 
signal; red, SiCLAT signal) in the nucleus labeled with a white arrow in the original image. Scale bars, 5 μm. h, 
i Percentage of yellow signal (the merged signal with Tn5-FISH and SiCLAT)/red signal (SiCLAT) in the living 
cells

(See figure on next page.)
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gene transcription (Additional file 1: Fig. S5h, i). These results underscore the capacity of 
SiCLAT to label non-repetitive DNA within living cells.

To extend the application of SiCLAT, we used it to simultaneously label two or three 
genomic loci within non-repetitive sequences in living cells (Fig.  2c, Additional file  1: 
Fig. S4c, d, S5j, k, Additional file 2: Video S1 and Additional file 3: Video S2). The results 
showed that SiCLAT enabled the successful co-imaging of Myog/Mybph or Actc1-P/

Fig. 2 (See legend on previous page.)
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Actc1-E1/Actc1-E3 across the three cell types (Fig. 2d, Additional file 1: Fig. S5l, m, Addi-
tional file 4: Video S3 and Additional file 5: Video S4). Importantly, the SiCLAT-based 
labeling of non-repetitive DNA remained stable in living cells at 24 and 72 h (Fig. 2e, f ). 
These results collectively indicate that SiCLAT represents a viable system for long-term 
labeling of non-repetitive DNA in living cells.

To examine labeling specificity of SiCLAT, we conducted Tn5-FISH followed by 
SiCLAT labeling at both the Myog locus and the Actc1 E3 locus (Fig. 2g). We demon-
strated that more than 80% of Myog signals labeled with SiCLAT were overlapped 
with the signals labeled by Tn5-FISH (Fig. 2h), more than 75% of Actc1 E3 signals were 
merged each other labeled by SiCLAT and Tn5-FISH (Fig. 2i), indicating the specificity 
of the SiCLAT imaging. Together, our SiCLAT imaging system has a great potential to 
achieve higher specificity and reliability for visualization of non-repetitive DNA in living 
cells.

SiCLAT‑based non‑repetitive DNA labeling enables lighting up chromatin loop anchors

We then tested the potential of SiCLAT imaging for directly observing E-P chromatin 
loop formation in living cells. Based on our BL-Hi-C data [24], two E-P interactions 
that are 385  kb and 580  kb respectively were selected to visualize the E-P loops with 
the SiCLAT system (Fig. 3a, d, Additional file 1: S6a, b). As these two E-P interactions 
were specifically formed in the differentiated myocytes but not observed in the undif-
ferentiated myoblasts and fibroblasts (Fig. 3a, d, Additional file 1: S6a, b), the imaging 
data obtained from the undifferentiated myoblasts and fibroblasts would be served as 
nice negative controls to demonstrate E-P loop formation in the differentiated myocytes. 
To this end, the SiCLAT-derived primary myoblasts or fibroblasts were infected with 
Cre recombinase-expressing adenovirus (Ad-Cre) to activate the expression of dCas9 
(Additional file 1: Fig. S6c). Fifteen fgRNAs designed for each anchor (Additional file 8: 
Table S2) were electroporated into the primary myoblasts, differentiated myocytes and 
fibroblasts, then subjected to DNA imaging (Additional file 1: Fig. S6c). We did observe 
the two E-P loops formed in the differentiated muscle cells, as evidenced by the over-
lapped fluorescent spots of enhancer (red) and promoter (green) in the muscle cells 
(Fig. 3b, c and e, f ). However, in undifferentiated myoblasts and fibroblasts, the signals of 
enhancer (red) and promoter (green) were clearly separated in two distinct spots, indi-
cating that neither E-P interactions occurred in either non-muscle cells or undifferenti-
ated muscle cells (Fig. 3b, c and e, f and Additional file 1: Fig. S6d). Together, our data 
indicate that SiCLAT-based non-repetitive DNA labeling enables visualizing E-P chro-
matin loops.

It has been reported that some of E-P chromatin loops are shorter than 200 kb [25, 
26], we next examined the capability of the SiCLAT to visualize these shorter chromatin 
loops. We recently reported that there is a chromatin interaction between the Myog pro-
moter and the Mybph promoter (P-P interaction) [24]. This chromatin loop (~ 100 kb) 
specifically forms in differentiated myocytes (Fig. 3g, h) and is functionally required for 
the transcriptional regulation of Myog and Mybph during differentiation (Additional 
file 1: Fig. S4e, f ). Thus, we tested the ability of SiCLAT to light up Myog-Mybph loop 
anchors during muscle cell differentiation and a negative control (NC) locus which 
has an equivalent genomic separation (at the 100  kb downstream of Mybph) but do 
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not interact with Mybph was selected to validate the imaging specificity of the SiCLAT 
(Fig. 3g). The confocal microscopy imaging showed that the Myog-Mybph loop was only 
formed in the differentiated myocytes, as evidenced by shorter 3D distance in myocytes 
compared to the myoblasts (Fig. 3i, j). However, the 3D distance between NC and Mybph 
was significantly greater than that of Myog-Mybph loci in the myocytes (Fig. 3i, j), which 
is consistent with the BL-Hi-C data that there is no interaction between NC and Mybph 
(Fig. 3g). We also performed the super-resolution imaging of Myog-Mybph loop. Con-
sistent with our confocal microscopy data, Multi-SIM imaging also showed the anchors 
with two distinct fluorescent spots in the undifferentiated muscle cells (Additional file 1: 
Fig. S7), demonstrating the imaging resolution in our SiCLAT system could be adequate 
to provide reliable observation to fluorescent spots in genomic distance < 100 kb.

We further corroborate the accurateness of the SiCLAT imaging by using a genetic 
perturbation system. Our previous work has demonstrated that the Myog-Mybph chro-
matin loop formation during muscle cell differentiation is mediated by the muscle lin-
eage-specific transcription factor MyoD [24]. Knockout of MyoD significantly reduced 
Myog-Mybph interactions [24]. Therefore, MyoD knockout mice provide a genetic 

(See figure on next page.)
Fig. 3 SiCLAT-based non-repetitive DNA labeling enables lighting up chromatin loop anchors. a BL-Hi-C 
map showing the representative E-P interactions (385 kb) in the undifferentiated and differentiated muscle 
cells. Black arrowheads showing the chromatin loops which are reduced in undifferentiated muscle cells 
compared with the differentiated muscle cells. The BL-Hi-C data of muscle cells are from our previous work 
[24]. b Representative images of E-P (385 kb) in nuclei of undifferentiated and differentiated muscle cells, 
respectively, visualized with the SiCLAT. The zoom-in images showed the magnified signals in the nucleus 
labeled with a white arrow in the original image. Scale bars, 2 μm. c Boxplot of the 3D distance of the EP 
(385 kb) in undifferentiated and differentiated muscle cells. Data are presented as mean ± SD. p-values were 
determined using unpaired two-tailed Student’s t-test, p < 0.0001. d BL-Hi-C map showing the representative 
E-P interactions (580 kb) in the undifferentiated and differentiated muscle cells. Black arrows showing the 
chromatin loops which are reduced in undifferentiated muscle cells compared with the differentiated 
muscle cells. The BL-Hi-C data of muscle cells are from our previous work [24]. e Representative images of E-P 
(580 kb) in nuclei of undifferentiated and differentiated muscle cells, respectively, visualized with the SiCLAT. 
The zoom-in images showed the magnified signals in the nucleus labeled with a white arrow in the original 
image. Scale bars, 2 μm. f Boxplot of the 3D distance of the EP (580 kb) in undifferentiated and differentiated 
muscle cells. Data are presented as mean ± SD. p-values were determined using unpaired two-tailed 
Student’s t-test, p < 0.0001. g BL-Hi-C map showing the Myog-Mybph loop labeled with the black square 
and equal distance locus labeled with the blue square. The differentiated muscle cell (Myocyte) was shown 
at the bottom left and undifferentiated muscle cells (Myoblast) was shown at the top right [24]. Schematic 
illustration of the genomic distance in the Myog, Mybph and negative control (NC) with equal distance loci 
shown below. h Schematic illustration showing the formation of the chromatin loop presented in g during 
muscle cell differentiation. i Representative images showing visualization of the Myog-Mybph chromatin 
loop and Mybph-NC sites (red, Myog or NC; green, Mybph) in the myoblast, myocytes or equal distance. Scale 
bar, 2 μm. j Boxplot showing 3D distance of Myog-Mybph chromatin loop or Mybph-NC sites in the myoblast 
and myocyte presented in i. Data are presented as mean ± SD. p-values were determined using unpaired 
two-tailed Student’s t-test, p < 0.0001. k Schematic illustration showing isolation of primary myoblasts from 
SiCLAT (WT) or SiCLAT;  MyoDflox/flox (SiCLAT-MyoD-KO), infected with Ad-Cre to delete MyoD and activate 
dCas9 expression, then induced for differentiation. l BL-Hi-C map showing the Myog-Mybph loop in the WT 
and MyoD KO muscle cells. Black square showing the chromatin loops which are reduced in MyoD KO muscle 
cells compared with the WT muscle cells. The WT differentiated muscle cells was shown at the bottom 
left and MyoD KO muscle cells was shown at the top right. The BL-Hi-C data of muscle cells are from our 
previous work [24]. m Schematic illustration showing the formation of the chromatin loop presented in l. n 
Representative images showing visualization of the Myog-Mybph chromatin loop (red, Myog; green, Mybph) in 
the WT and MyoD KO. Scale bar, 2 μm. o Boxplot showing 3D distance in n. Data are presented as mean ± SD. 
p-values were determined using unpaired two-tailed Student’s t-test, p < 0.0001. p Representative 3D 
distances of the Mybph-Myog chromatin loop in myoblasts and myocytes labeled for 760 s. q Representative 
fluorescent spot in the 3D imaging at the 40 s and 600 s time points in p 
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perturbation system to further substantiate Myog-Mybph loop formation observed 
by the SiCLAT imaging data in muscle cells. To this end, we first generated SiCLAT; 
MyoDflox/flox mice (SiCLAT-MyoD-KO) to delete MyoD in SiCLAT mice by crossing the 
MyoDflox/flox mice with SiCLAT mice (Fig. 3k and Additional file 1: Fig. S8). The imaging 
data demonstrated that knockout of MyoD disrupted the Myog-Mybph chromatin loop 

Fig. 3 (See legend on previous page.)
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formation, as evidenced by the increased 3D distance between Myog and Mybph locus, 
which was consistent with BL-Hi-C data from MyoD KO mice (Fig. 3l–o). Together, the 
genetic perturbation data provided further support that SiCLAT is a powerful DNA 
imaging tool for visualizing E-P interactions even with relatively short genomic distance 
(~ 100 kb).

Next, we examined the capability of SiCLAT for labeling chromatin interactions in 
several frames in living cells. For the Myog-Mybph interaction, the clear and distinct flu-
orescence signals for both anchors at each time point for 30 min at 3-min intervals was 
captured in the primary myoblast (Additional file  1: Fig. S9), suggesting that SiCLAT 
could be used to light up the chromatin loop in a period of time. We further performed 
live-cell imaging of Myog-Mybph loop anchors before (myoblasts) and after (myocytes) 
the induction of differentiation using different interval times (30 s, 3 min, 12 min) and 
durations (10 min, 30 min, 120 min). To assist in the visualization of real-time chromatin 
loop formation, the 3D distances between loop anchors were calculated via spot func-
tion with 3D Gaussian fitting using Imaris, a professional image software (Additional 
file 1: Fig. S10). We found that the Myog-Mybph loop anchors were closer in myocytes 
than in myoblasts, as showed by the 3D distance measurements in individual cells and 
the averaged distances; this finding aligned with the BL-Hi-C data (Fig.  3g, p, q and 
Additional file 1: Fig. S11). We also analyzed imaging data obtained for the Myog-Mybph 
loop in fibroblasts and compared it with those from myoblasts and myocytes. The 3D 
distance was significantly greater in fibroblasts than in myocytes, further supporting the 
notion that the Myog-Mybph loop represents a lineage-specific chromatin structure in 
myocytes (Additional file  1: Fig. S12 and Additional file  6: Video S5). Taken together, 
these data support the capability and efficiency of the SiCLAT as a powerful DNA imag-
ing tool for labeling chromatin loops in living cells.

SiCLAT enables visualization of E‑P and E‑E interaction in living cells

We previously identified a multi-locus interaction in the Actc1 gene locus [24] that 
offered an appropriate model for assessing the ability of SiCLAT to label multiple cis-
element interactions. The loci, which comprise one promoter and three enhancers, form 
specifically in myocytes to activate Actc1 transcription in response to differentiation 
(Fig. 4a and Additional file 1: Fig. S4g). In addition, our previous work has demonstrated 

Fig. 4 SiCLAT enables visualization of E-P and E-E interaction in living cells. a BL-Hi-C map showing the Actc1 
loci consisted of the 3 enhancers labeled with the yellow line segment and the Actc1 promoter labeled with 
the red line segment in the differentiated muscle cell at the bottom left or undifferentiated muscle cells at 
the top right. Resolution, 1 kb. b Representative images of the Actc1 multi-locus interaction labeled with the 
SiCLAT system in differentiated muscle cells of SiCLAT and SiCLAT-MyoD-KO. The zoom-in images show the 
partial signal of the Actc1 multi-locus (violet, Actc1 enhancer 3; cyan, Actc1 promoter; yellow, Actc1 enhancer 
1) in the nucleus labeled with a white box in the original image. Scale bars, 2 μm. Schematic illustration 
showing the loop formation in the myocyte (left) from the fluorescence image. c Boxplot of the 3D distance 
of the Actc1 multi-locus in the myoblast, myocyte from SiCLAT and myocyte from SiCLAT-MyoD-KO. Data 
are presented as mean ± SD. p-values were determined using unpaired two-tailed Student’s t-test. d 
Representative 3D distances of the Actc1 multi-locus labeled for 30 min in a myocyte. e Representative 
3D fluorescent surface picture of the trajectory over time described in panel d, labeled with T2-T11. f 
Representative 3D distances of the Actc1 multi-locus labeled for 350 s in a myocyte. g Representative 3D 
fluorescent surface picture for the trajectory over time presented in panel f, labeled with T1-T4 and T5-T8

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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that knockout of MyoD significantly reduced the Actc1 multi-locus interactions [27]. 
We thus used SiCLAT to perform tri-locus labeling of the Actc1 promoter (P), enhancer 
1 (E1), and enhancer 3 (E3) in myoblasts (SiCLAT), myocytes (SiCLAT), and myocyte 
(SiCLAT-MyoD-KO). The fluorescence snapshots and averaged 3D distance measure-
ments consistently revealed that myocytes had a tighter interaction, which agreed with 
BL-Hi-C data from these cell types (Fig. 4a–c and Additional file 1: Fig. S13a-c). As a 
negative control, we conducted imaging in fibroblasts. The 3D distance was consistently 
higher in fibroblasts than in myocytes, which demonstrates that the formation of the 
Actc1 multi-locus interaction is lineage-specific (Additional file  1: Fig. S13d) and was 
consistent with Hi-C heatmap in other non-muscle cells (Additional file 1: Fig. S13e).

We further examined the Actc1 multi-locus interaction in living myocytes using inter-
vals of 3 min or 50 s and capturing data over durations of 30 min or 350 s. Our live-cell 
imaging data show that E-E interaction contained the longest linear genomic distance 
in this loci shown a very close distance in living cell labeling data, which indicated that 
SiCLAT enables labeling tri-locus with multi-frame (Fig. 4d–g).

Together, these data support the SiCLAT has the potential to label multi-locus interac-
tion and explore the dynamics of different chromatin loops.

SiCLAT enables co‑imaging of non‑repetitive DNA and RNA in living cells

A significant strength of the SiCLAT system lies in its potential to in situ labeling endog-
enous gene transcription. As previously mentioned and shown in Fig. 1, the co-expres-
sion of dCas13d plus dCas9 within the cells of SiCLAT mice allows for DNA and RNA to 
be simultaneously co-imaged within the same living cells. To explore this capability, we 
first targeted the first intron of Akap6 (harboring an 87-copy repeat) and examined the 
ability of our system to co-label repetitive DNA and RNA (Additional file 1: Fig. S14a). 
A single fgRNA with the 5′ fluorescent dye, FAM, was designed based on the repeti-
tive sequence of the Akap6 nascent transcript (Additional file 1: Fig. S14a). fgRNA-FAM 
targeting Akap6 nascent RNA and fgRNA-Cy5 targeting Akap6 DNA were co-electropo-
rated into primary myoblasts isolated from Pax7-Cre; SiCLAT mice (Fig. 5a). The DNA 
signals had high S/B ratios in myoblasts and differentiated myocytes, whereas the Akap6 
RNA signal was exclusively detected in differentiated myocytes (Fig. 5b,c and Additional 
file 1: Fig. S14b-e). The latter finding is consistent with the RNA-seq-based expression 
pattern previously reported for the Akap6 mRNA [24]. We also observed a continuous 
increase of the RNA signal in myocytes during differentiation (Additional file  1: Fig. 
S14f, g and Additional file 7: Video S6). These findings show that SiCLAT can enable the 
co-imaging of repetitive DNA and RNA within living cells.

We further tested the ability of SiCLAT to enable co-labeling of non-repetitive DNA 
and RNA by targeting the Myog locus. To achieve this, we designed a pool of 20 Myog 
RNA transcript-targeting fgRNAs bearing the 5′ fluorescent dye, TAMRA (Addi-
tional file  1: Fig. S15a). The fgRNA-TAMRA pool targeting the Myog RNA and the 
fgRNA-Atto647N pool targeting the Myog gene promoter were co-electroporated into 
primary myoblasts isolated from Pax7-Cre; SiCLAT mice (Fig.  5d). The Myog DNA 
signal had high S/B ratios in both myoblasts and differentiated myocytes, whereas the 
Myog RNA signal was significantly stronger in differentiated myocytes than in myo-
blasts (Fig. 5e, f, Additional file 1: Fig. S4e). The latter finding is consistent with the 
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expression pattern of Myog measured by RNA-seq [24]. The exact co-localization 
of the Myog DNA and RNA signals indicated that SiCLAT showed good specificity 
in simultaneously labeling non-repetitive DNA and RNA (Fig.  5e). Additionally, we 
compared the RNA signal resistance to quenching in myocytes with that in fibroblasts 

Fig. 5 SiCLAT enables co-imaging of non-repetitive DNA and RNA in living cells. a Schematic showing the 
experimental design for visualizing the Akap6 DNA and RNA in primary myoblasts isolated from Pax7-Cre; 
SiCLAT mice and induced to undergo differentiation. b Representative images showing the visualization of 
the Akap6 DNA and RNA in living myoblasts and myocytes. Scale bar, 2 μm. c Bar graph showing the intensity 
sums for the Akap6 RNA in myoblasts and myocytes. d Schematic showing the experimental design for 
visualizing the Myog DNA and RNA in primary myoblasts isolated from Pax7-Cre; SiCLAT mice and induced 
to undergo differentiation. e Representative images showing the visualization of Myog DNA and RNA in 
living myoblasts and myocytes. Scale bar, 2 μm. f Bar graph showing the intensity sum for the Myog RNA in 
myoblasts and myocytes
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(negative control). The fibroblasts exhibited a very low channel intensity for the RNA 
signal, further confirming the specificity of Myog RNA imaging (Additional file 1: Fig. 
S14h, i, Fig.S15b-d). These results emphasize that SiCLAT offers a convenient and 
viable technological option for the in situ tracking of endogenous gene transcription, 
which enables co-imaging of gene loci and their transcripts.

SiCLAT enables visualization of chromatin loops and associated gene transcription

Lastly, we leveraged the SiCLAT live-cell imaging platform to test the ability of simulta-
neous labeling chromatin loop formation and associated transcriptional activity within 
a biological system. To test this, we conducted simultaneous visualization of the Myog-
Mybph chromatin loop and its associated Myog gene transcription in living myocytes, 
with fibroblasts serving as a negative control. We successfully labeled the chromatin loop 

Fig. 6 SiCLAT enables visualization of a chromatin loop and associated gene transcription. a Representative 
images showing visualization of the Myog-Mybph chromatin loop and Myog RNA in living fibroblasts and 
myocytes. Scale bar, 1 μm (left), 0.5 μm (right). b Representative magnified snapshot images showing 
visualization of the Myog-Mybph chromatin loop and Myog RNA in living fibroblasts and myocytes. Scale bar, 
0.3 μm. c Representative magnified snapshot images showing visualization of the Myog-Mybph chromatin 
loop and Myog RNA in living myocytes treated with ActD or PBS. d The center intensity of the Myog RNA in 
myoblasts treated with ActD or PBS. Fibroblasts served as a negative control
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anchors in both cell types, whereas the Myog RNA was exclusively detected in myocytes 
(Fig. 6a), consistent with our above-described findings (Fig. 5e, f ). We also quantified the 
RNA signal intensity in myocytes treated with Actinomycin D (ActD), an inhibitor of 
RNA polymerase elongation. The Myog RNA signal intensity was significantly weakened 
in ActD-treated myocytes (Fig. 6b–d), further validating the specificity of SiCLAT-medi-
ated RNA imaging. In summary, our results reveal that the SiCLAT system provides a 
viable technological option for the direct observation of chromatin loop formation and 
its influence on transcriptional activation in living cells.

Discussion
The existing methods for DNA and RNA imaging rely heavily on engineered stable cell 
lines with manipulated genomic sequences, which limits our ability to understand chro-
matin dynamics and gene transcription across cell lineages. In this study, we developed 
a multifunctional transgenic mouse model, known as SiCLAT, to overcome these limita-
tions. By introducing a dCas9-dCas13d cassette into the mouse genome, we achieved 
the co-expression of dCas9 and dCas13 proteins in cells from SiCLAT mice; this enabled 
the nuclear assembly of functional fluorescent ribonucleoproteins (fRNPs). Our inno-
vative approach enables the simultaneous labeling of chromatin loops (non-repetitive 
DNA) and their associated gene transcription (RNA) in various cell types.

Over the past decade, researchers have used numerous technologies to investigate 
chromatin structure and function, and their findings have provided valuable insights 
into the spatial arrangement of the genome and alterations related to biological pro-
cesses, such as differentiation [9, 24, 28, 29], cell cycle [30], and the G1 [8, 9, 15, 18], 
most of which have been assessed across timeframes of tens of minutes. These investiga-
tions have revealed that substantial alterations in chromatin organization occur during 
such processes, highlighting the critical role of imaging technologies in improving our 
understanding of the 4D genome [31, 32].

Although some editing- and DNA-FISH-based imaging methods have been reported 
for visualizing chromatin structures, such as CRISPR-tag, TriTag, and Tn5-FISH [9, 15, 
16, 33–39], these methods limit their application in investigating functional E-P inter-
action in its native genomic environment. Moreover, solely labeling DNA in fixed cells 
could not simultaneously image RNA in the same cells is another weakness to elucidate 
how the dynamic E-P interaction regulates transcription in living cells during cell fate 
determination.

Recent reports have highlighted the dynamic and cell lineage-specific nature of 
enhancer-promoter (E-P) interactions and their regulatory effects on gene expression 
during development [8, 9, 24, 40, 41]. However, the underlying mechanisms through 
which dynamic cis-element interactions regulate gene expression remained largely 
unknown. The methods used to label RNA and between-gene differences in transcrip-
tional speed can greatly affect the interpretation of data and lead to misjudgments about 
E-P and/or P-P interactions. These technical limitations of the current imaging systems 
have hindered investigations into dynamic E-P interactions and their roles in regulat-
ing gene transcription within living cells. Therefore, a method for live-cell simultaneous 
co-imaging of non-repetitive DNA and RNA is needed to help decipher the molecu-
lar mechanisms underlying dynamic E-P interactions and their functions in regulating 
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cell lineage-specific gene expression during normal development and under disease 
conditions.

Currently, two proposed models for E-P interaction: the structural bridge model and 
hub model [42–45]. In the structural bridge model, enhancer and promoter DNA are 
physically connected by a bridge formed by highly ordered protein–protein interactions 
[46, 47]. However, in the hub model, the effective E-P communication does not neces-
sarily rely on enduring protein–protein interactions spanning the distance between 
enhancer and promoter DNA sequences. Instead, the emphasis is on localized concen-
trations of transcription-associated proteins. These proteins are drawn in by both the 
enhancer and promoter DNA, creating a local hub that facilitates bursts of transcrip-
tion. Although the two models have been proposed for a while and, recently, there has 
been a growing preference for the “hub” model [9, 48], imaging evidence is still lacking 
to validate those two models in living cells. As the complexity of 4D genome organiza-
tion and function in transcriptional regulation is cell-type and/or loci specific manners, 
it is highly possible that these two models are co-existence in living cells and functionally 
regulate transcriptional activation of genes in different loci during development. Our 
SiCLAT might provide a convenient and viable technological option imaging system to 
corroborate these two models in various cell lineages and loci specific fashion within liv-
ing cells.

Furthermore, by crossing the SiCLAT mice with other model mice (e.g., conditional 
gene SiCLAT knockouts), our approach could theoretically be extended to explore 
other key questions in 3D genomes such as phase separation [49, 50], stripes formation 
[51, 52], and chromatin loop formation which may be mediated by epigenetic modifi-
cation [50, 53] and/or the structural implications of architectural protein like cohesion 
[54], CTCF [55], MyoD [24], and YY1 [56]. SiCLAT thus has the potential to be broadly 
applied in addressing general and/or cell lineage-specific functions of proteins that con-
tribute to genomic structure and transcriptional regulation for cell fate determination 
during development [57].

One of the important advantages and significant applications of the SiCLAT system 
is able to concurrent tracking of DNA and RNA in various primary cells. However, the 
use of primary cells also introduces certain limitations in phototoxicity, especially for 
the primary muscle stem cells utilized in this study, which are light-sensitive cells with 
small nuclei and do not attach flat like other “imaging model cells” such as U2OS and 
COS-7. In addition, we also found that other primary cells are more tolerant to photo-
toxicity than muscle stem cells, for example, fibroblast cells have good photosensitivity, 
which can resist multi-channel, multi-frame and Z-stack scanning in long-term imag-
ing. Another limitation is the efficiency of labeling, which is more based on the percent-
age of the delivering fgRNA pool into the nucleus, which would be a difference in the 
efficiency of alleles labeling between the single cells even between the different primary 
cells. Some primary cells such as fibroblasts can absorb more fgRNA pool and have a 
higher labeling efficiency. Therefore, future efforts to overcome these limitations and 
advance new imaging technologies should focus on optimizing gRNA design and effi-
ciency, developing improved strategies for directly targeting DNA, and enhancing the 
precision and continuity of imaging data using superior dyes. With such advancements, 
SiCLAT holds the potential to become an excellent imaging platform for in vivo DNA 
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and RNA tracking, potentially in combination with techniques such as tissue clearing 
[58]. Our new method offers unique advantages and is expected to be a powerful tool for 
exploring the 4D genome in future in vivo studies.

Conclusions
In summary, we present a convenient real-time imaging SiCLAT system to label the 
chromatin loop anchor interactions and associated gene transcription in living primary 
cells, which provides a reliable imaging tool for investigating the functional roles of the 
dynamic genome structure in regulating transcription activation within living cells.

Methods
Mouse lines and animal care

SiCLAT (CAG-LSL-dCas9-P2A-dCas13d-polyA) transgenic mice in the C57BL/6j 
background were generated by the Model Animal Research Center of Nanjing Univer-
sity. Mice were housed in a pathogen-free facility and given free access to water and 
standard rodent chow under the following conditions: 21  °C ambient temperature, 
50–60% humidity, and 12  h dark/light cycle. All animal procedures were approved 
by the Animal Ethics Committee of Peking Union Medical College, Beijing, China 
(ACUC-A01-2016–003).

Primary myoblasts isolation, culture, and differentiation

Primary myoblasts were isolated from the hind-limb skeletal muscles of 2- to 3-week-old 
Pax7-Cre; SiCLAT or SiCLAT mice. The collected muscles were minced and digested in 
a mixture of type II collagenase and dispase. Cells were filtered from debris and centri-
fuged, and two rounds of differential attachment for 10 min per round were used to sep-
arate fibroblasts (attached) and myoblasts (non-attached). The myoblasts were cultured 
in growth medium (F-10 Ham’s medium supplemented with 20% fetal bovine serum, 
10 ng/ml basic fibroblast growth factor, 1% penicillin–streptomycin) on collagen-coated 
cell culture plates at 37 °C in 5%  CO2. For the differentiation of primary myoblasts, cells 
were transferred to differentiation medium (DM) consisting of DMEM (Gibco, Cat. N: 
C11995500BT) supplemented with 2% horse serum (Hyclone, Cat. N: SH30074.03) and 
1% penicillin–streptomycin. All cells were grown to 70–80% confluence before induc-
tion of differentiation.

Primary hepatocyte isolation and culture

Primary hepatocytes were isolated from 8-week-old SiCLAT mice. A midline laparotomy 
was performed under anesthesia and the inferior vena cava was identified. Retrograde 
perfusion of the liver was achieved via cannulation of the inferior vena cava. The hepatic 
portal vein was transected to allow the perfusate to flow out. The liver was sequentially 
perfused with the following solutions (flow rate, 5 ml/min; constant-flow pump, BT100-
02, Qili): 60 ml of Hank’s balanced salt solution (HBSS, Gibco, 14190136) with 0.5 mM 
EDTA (Sigma-Aldrich); 1  M glucose, 1% penicillin–streptomycin; and 50  ml of HBSS 
plus 5 mM  CaCl2 (Sigma-Aldrich), 1 mg/mL of collagenase type IV (Gibco), 1 M glu-
cose, and 1% penicillin–streptomycin. All solutions were warmed to 37 °C. The gall blad-
der was removed and discarded. Liver lobes were carefully collected to avoid damage, 
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transferred to a Petri dish containing DMEM with 10% FBS, and gently agitated to dis-
perse the hepatocytes. The hepatocyte slurry was transferred to a 50-ml conical tube 
and washed with DMEM containing 10% FBS by centrifugation at 50 g for 5 min. The 
hepatocyte pellet was gently resuspended in 15 ml PBS at room temperature and then 
mixed with 9 ml of Percoll (Solarbio, P8370). The mixture was centrifuged at 50 g for 
15 min at room temperature. Debris and excess solution were aspirated and the hepato-
cyte pellet washed twice as described above. Viable hepatocytes were resuspended in 
DMEM containing 10% FBS and counted on a hemocytometer using Trypan Blue exclu-
sion. The obtained cells were seeded in DMEM plating medium containing 10% FBS and 
1% penicillin–streptomycin.

Primary neural stem cell isolation and culture

Primary neural stem cells (NSCs) were isolated from SiCLAT mouse embryos at embry-
onic days 14–16 (E14-16). Pregnant mice were euthanized and uteri were carefully 
removed. The fetal mouse skulls were dissected and the anterior cortex was gently sepa-
rated and rinsed in 2–4 ml complete culture medium. The tissue was gently triturated, 
the obtained cell suspension was centrifuged at 1000  rpm, the cell pellet was resus-
pended with Accutase enzyme and incubated for 10–15 min, and the digested sample 
was filtered, centrifuged, resuspended, seeded in complete culture medium [DMEM/F12 
supplemented with 2% B27 (Invitrogen), 1% penicillin–streptomycin (Invitrogen), 1% 
GlutaMAX (Invitrogen), and 20 ng/mL each of bFGF and EGF (PeproTech, USA)], and 
incubated at 37 °C in 5%  CO2.

Primary kidney cell isolation and culture

Briefly, mouse kidneys were collected and dissected, the renal cortex was diced and 
digested with collagenase (0.5  mg/mL), and the reaction was terminated with fetal 
bovine serum (FBS). Gravity sedimentation was performed, and glomeruli and other 
remaining tissue clumps were decanted from the sedimented tubules. The retained sam-
ple was washed twice with medium and the tubules were resuspended in tubular cell 
culture medium (DMEM with FBS). The tubule epithelial cells were cultured for 4 to 
5 days before being used for experiments.

Primary preadipocyte isolation and culture

Stromal vascular fraction (SVF) cells were isolated from the iWAT of 3- to 4-week-old 
SiCLAT mice and cultured in DMEM/F-12 (GIBCO) supplemented with 10% neonatal 
calf serum (NCS, Capricorn Scientific) in 5%  CO2 at 37 °C.

Transfection and electroporation

Primary cells isolated from Pax7-Cre; SiCLAT or SiCLAT mice were seeded to 60-mm 
dishes. Cells were transfected with 5 μg plasmid expressing dCas9-EGFP using jetOPTI-
MUS®. The dCas9-EGFP (Addgene 51023) plasmid was gifted by Antony K. Chen from 
Peking University. The fluorescent gRNA pools were annealed and electroporated into 
the various primary cells (about 1 ×  106) using a 4D-Nucleofector™ X Unit (Lonza, Cata-
log#: V4XC-1024) running programs CD-137 or CD-112. The electroporated cells were 
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plated on collagen-coated Nunc Glass Bottom Dishes (Thermo Fisher, 150680) and cul-
tured for 12–24 h prior to imaging.

gRNA synthesis and annealing

For labeling of repetitive and non-repetitive sequences, the crRNAs were synthesized 
by IDT or Sango and 3′-end modified with a chemical fluorophore (Atto647N, Atto488, 
FAM, TAMRA, Cy5). The full-length tracrRNA was non-fluorescently synthesized 
by IDT (Integrated DNA Technologies, Redwood City, CA) or Sango. The fluorescent 
crRNAs were annealed with tracrRNA at an equal molar ratio in folding buffer (20 mM 
HEPES, pH 7.5, and 150 mM KCl), incubated at 95 °C for 5 min, incubated at 70 °C for 
5 min, gradually cooled to room temperature, supplemented with 1 mM  MgCl2, incu-
bated at 40 °C for 5 min, and gradually cooled to room temperature [22]. The sequences 
of the utilized tracrRNA and crRNAs are presented in Additional file 8: Table S1-2.

Live‑cell imaging

Before image acquisition, the equipment and objective were allowed to equilibrate to 
37 °C for about 1 h. Primary living cells were grown for 24 h in a collagen-coated 35-mm 
glass-bottom dish (Nunc). The medium was changed to phenol red-free DMEM before 
imaging. The cells were equilibrated in a humidified incubation chamber (37  °C, 5% 
 CO2) for 1  h and loaded to a Leica TCS SP8 STED microscope or Dragonfly200. The 
Leica microscope was equipped with the spectral flexibility of WLL for excitation, HC 
PL 63 × /1.4 oil and HC PL APO 100 × /1.4 oil objective with immersion oil based on the 
DMi8 Inverted Microscope equipped, and sCMOS camera in the wide-field imaging and 
HyD detector in the confocal imaging.

Non-repetitive sequence imaging was acquired using the following parameters for 
confocal microscopy: pixel size, X: 114 nm, Y: 114 nm, Z: 297 nm; for wide-field micros-
copy: pixel size, X: 103 nm, Y: 103 nm, Z: 213 nm. Imaging was performed using maxi-
mum intensity projection with Z stacks from 0.24 to 12 μm (step: 0.24–0.26 μm) after 
deconvolution. Optimal image processing was performed with lighting on a Leica TCS 
SP8 STED. All imaging data shown to calculate 3D distances or fluorescence intensities 
were performed max intensity projection.

Super‑resolution imaging

The labeling signal was captured in Multi-SIM (multimodality structured illumination 
microscopy) with 3D-SIM model in the living cell. SIM images were acquired on a Multi-
SIM imaging system (NanoInsights-Tech Co., Ltd.) equipped with a 100 × 1.49NA oil 
objective (Nikon CFI SR HP Apo) and sCMOS (complementary metal–oxide–semicon-
ductor) camera (Kinetix, Teledyne Imaging). Images were acquired by VSIM software 
and then reconstructed using the SIM Imaging Analyser software (NanoInsights-Tech). 
During image acquisition, cells are in a humidified chamber maintained at 37 °C in the 
presence of 5%  CO2.

Tn5‑FISH

Tn5-FISH was performed according to a previously reported (Tn5-FISH) [33]. Briefly, 
the probe library was generated by PCR amplification and recovered using a DNA 
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Cleanup kit (TIANGEN, Cat.N: DP203-02). After recovering using the DNA Cleanup 
kit, salmon sperm DNA (Invitrogen, Cat.N: 18,440,016) was added into the Tn5-FISH 
probes (50  mg of salmon sperm DNA per 1  mg of Tn5-FISH probes), ethanol pre-
cipitated, and dissolved in DNA FISH buffer, 50% deionized formamide (Ambion, 
Cat.N: AM9342), 10% dextran sulfate (VWR, Cat.N: 9011–18-1), 2 × SSC (Invitrogen, 
Cat.N: 15557044), at a concentration of 20  ng/ul of Tn5-FISH probes. The Tn5-FISH 
probes were amplified by a second PCR with fluorescence-tagged primers. The in situ 
hybridization procedure of Tn5-FISH was similar to that of traditional FISH, as previ-
ously described [59]. Microscopic imaging was performed on a Leica TCS SP8 STED 
equipped with the spectral flexibility of white-light laser (WLL) for excitation and an HC 
PL APO × 100/1.4 oil or objective. The sequences of the utilized primer are presented in 
Additional file 8: Table S3.

Real‑time RT‑PCR analyses

Total RNA was extracted from cells with TRIZOL reagent and reverse-transcribed 
(RT) using RevertAid reverse transcriptase (Thermo Scientific, EP0442). For measuring 
mature MyoG, quantitative PCR (qPCR) analyses were performed with the Soso-Fast 
qPCR Master Mix (Bio-Rad, 1,725,202) using an iQ5 Multicolor Real-Time PCR Detec-
tion System (Bio-Rad). GAPDH served as an internal control. All primers used for RT-
qPCR are listed in Additional file 8: Table S4.

Correction for chromatic aberration

To correct for chromatic aberrations, we imaged 100-nm TetraSpeck Microspheres 
(T7279, Invitrogen). The microspheres were diluted, mixed with imaging medium, and 
detected using the same equipment and imaging parameters applied in our study. The 
detected chromatic aberrations were corrected by aligning and adjusting the equipment.

Deconvolution

From the 4D images, single-cell regions were cropped on the X Y Z or X Y Z T axes. The 
imaging data were exported from the microscope software in “lif file “ format. Decon-
volution was performed using the Huygens software with wizard function. The follow-
ing imaging parameters were adjusted: channel (excitation and emission wavelengths), 
type of microscope, material of vehicle, imaging optical path media, automatically gen-
erated theoretical PSF, Measure PSF, Crop the image (optional), Select Channel, estimat-
ing parameters, set the Background value, select the deconvolution algorithm, adjust 
the deconvolution setup on Maximum iterations, signal-to-noise ratio (SNR), Quality 
threshold, iteration mode, bleaching correction, brick layout, Evaluate effects and pro-
ceed to the next channel, correct the Z-drift based nucleus and Done the deconvolution 
process. After deconvolution and correction of chromatic aberration were performed 
using the Huygens software, an”ICS2 file “ was generated and used for calculations.

Spot generation

The ICS2 outputs were loaded in the Imaris software for Imaris-based spot generation. 
Each spot stores information on the position (X, Y, Z), diameter (X, Y, Z), and time point. 
The specific position of each spot in the live-cell imaging data was positioned based on 
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the Imaris spot function with 3D Gaussian fitting using each fluorescence channel’s 
maximum values corresponding to the different channels in every cropped image. The 
3D rectangular boundary was set based on the image size. The spots formed as a vector 
( −→p  ) based on the 3D coordinates of the rectangular boundary to calculate the 3D dis-
tance between the different spots, as follows:

Distance measurement

The 3D distances between different spots were calculated using the function module 
“spot displacement X, Y, Z” in the Imaris software. The displacement 

−→
d (t) reflected the 

distance that a spot moved between two sequential time points. It was calculated for 
each axis by subtracting the last time point position −→p (t − 1) from the selected time 
point position −→p (t) , as follows:

The area of E1, E3, and P in the Actc1 multi-locus interaction calculated with Heron’s 
formula as follows:

S stands for the area; a, b, c stands for the length of the three chromatin loop anchors 
distance; p stands for the semi-perimeter.

RNA intensity calculation

The RNA intensity in living cells was calculated from the raw data using the “Spots” 
function of Imaris, which estimated the 1.00-μm XY diameter and 1.50-μm Z diame-
ter (model PSF: elongation along Z-axis). The RNA intensity was estimated, the output 
intensity was summed, and the intensity center was calculated. The background intensity 
was used to calculate the relative fluorescence intensity. No deconvolution was applied 
to the RNA intensity calculations.

Visualization of specific DNA and RNA sequences

To visualize the Akap6 DNA and RNA in the various primary cells, crRNAs were 
designed to target the Akap6 DNA and RNA sequences based on repeats. To label the 
repetitive sequences, the crRNA was annealed with tracrRNA to 50–100  pmol and 
delivered into 1 ×  106–1 ×  107 primary cells, with the utilized number determined based 
on the electroporation efficiency. To label non-repetitive sequences, each crRNA was 
applied at 20–30  pmol. The transfected cells were plated on collagen-coated 35-mm 
glass-bottom dishes (Nunc) and cultured for 12–24  h before imaging. For Akap6 and 
Myog DNA and RNA imaging in myocytes, transfected myoblasts were plated and dif-
ferentiation was induced by switching attached cells to differentiation medium (DM). 
Nuclei were visualized using DAPI for fixed cells and NucBlue™ Live ReadyProbes™ 
(Thermo Fisher, R37605) for living cells.

−→
p = px, py, pz .

−→
d (t) =

−→
p (t)−

−→
p (t − 1).

S =

√

p(p− a)(p− b)(p− c)p =
a+ b+ c

2
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Visualization

Tracks of Hi-C maps, ATAC-seq, and ChIP-seq data were generated by Juicebox. The 
Hi-C data and ChIP-seq were analyzed as our previously reported [24, 27]. JuicerBox 
v.2.17.00 [60] was used to generate the Hi-C heatmap and manual correction. The KR-
normalized method was applied for the visualization of Hi-C data [61].

Western blot analysis

Primary cells were lysed in RIPA lysis buffer. Proteins in lysates were resolved by SDS-
PAGE and transferred to a polyvinylidene difluoride membrane. Immunoblotting was 
performed using primary antibodies against. Protein lysates were resolved by SDS-
PAGE, transferred to a polyvinylidene fluoride (PVDF) membrane, and immunoblot-
ted with primary antibodies against MyoD (Santa Cruz, sc32758, 1:500) and β-tubulin 
(CMCTAG, AT0003, 1:1000).

Statistical analysis

All data are shown as means ± SD of at least three replicates. Statistical analyses were 
applied using the GraphPad Prism software (San Diego, CA, USA, version 9.3.1). 
Two-tailed Student’s t-test was used to determine the p value between two groups; ns 
indicates not significant.
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