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Genome editing can induce chromosomal rearrangements in-
cluding translocations (1, 2). While sequencing approaches 
have been utilized to identify and characterize chromosomal 
abnormalities associated with genetic disorders and gene ed-
iting, the temporal dynamics of chromosomal rearrange-
ments is less known. Previous studies relied on using 
genomic-integrated LacO/TetO arrays which is tedious and 
challenging (3). Fluorescent protein-fused, nuclease-deac-
tivated dCas9 or single guide RNA (sgRNA) recruiting fluo-
rescent protein-fused RNA-binding proteins enable CRISPR-
mediated live imaging of genomic loci (4–7). However, DNA-
encoded CRISPR components are required limiting its usage. 
Traditional fluorescent in situ hybridization (FISH) requires 
DNA denaturation, while fluorescent labeled-dCas9 assem-
bled in vitro with sgRNA (CASFISH) detects genomic loci 
only in fixed samples precluding real-time tracking (8, 9). 
Here, we report a live imaging approach, CRISPR LiveFISH, 
that allows real-time study of various chromosomal functions 
in living cells. 

We first assembled equimolar amounts of dCas9-EGFP 
protein and Cy3-labeled guide RNA (gRNA) as fluorescent ri-
bonucleoproteins (fRNPs), which target a repetitive region in 
Chromosome 3 (Chr3q29, ~500 repeats) (4, 5, 7). We delivered 
fRNPs into human bone osteosarcoma U2OS cells via electro-
poration (Fig. 1A, fig. S1A, table S1) (10). Flow cytometry anal-
ysis showed that more than 95% of gRNA signals were 
degraded within 4 hours after transfection (fig. S1B), con-
sistent with previous reports showing that gRNAs are highly 
unstable in the cellular environment (11, 12). However, we ob-
served a rapid and long-lasting labeling of Cy3-gRNA at the 

Chr3 site, suggesting the formation of stable target-bound 
dCas9-gRNA complex (fig. S1C). The signal-to-background ra-
tio (S/B) of gRNA was >4-fold higher than that of dCas9-
EGFP (Fig. 1B-E, fig. S1D). Unlike dCas9-EGFP that frequently 
accumulated in the nucleolus, there was no nucleolar accu-
mulation of gRNA (Fig. 1D). We performed in vitro assays and 
found that excessive target DNA, but not non-target DNA, 
protected gRNA within the Cas9:gRNA:DNA ternary complex 
from RNase A degradation (fig. S2A-C). In addition, dCas9-
bound gRNA was better protected by fully-matched target 

DNA or target DNA with ≤ 4 basepairs (bp) PAM-distal mis-
matches than target DNAs with ≥6bp mismatches (fig. S2D-
G). 

Based on this target DNA-dependent protection of gRNA, 
we developed CRISPR LiveFISH, an approach that deploys 
fluorescent gRNA probes assembled with dCas9 to target and 
label genomic sequences in living cells (Fig. 1A). We tested 
CRISPR LiveFISH on cells derived from patients with Patau 
Syndrome, a Chr13 trisomy genetic disorder that results in 
organ defects, intellectual and physical impairment, and is 
eventually fatal (13). We transfected fRNPs containing dCas9 
and Atto565-labeled gRNA to target a repetitive Chr13 region 
(Chr13q34, ~350 repeats) into normal or patient-derived pre-
natal amniotic fluid cells, and detected rapid and robust 
Chr13 labeling by Atto565-gRNA, which outperformed dCas9-
EGFP RNP labeling or plasmid-based imaging (Fig. 1F-G, fig. 
S3A-D, movie S1, S2). The high efficiency of LiveFISH can be 
quantified and its accuracy was confirmed by karyotyping 
(fig. S3D-E, fig. S4). Simple co-delivery of fRNPs labeled with 
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different fluorophores enabled simultaneous visualization of 
repetitive Chr3 and Chr13 regions in U2OS cells (fig. S5A) and 
in primary human T lymphocytes (fig. S5B, movie S3). Previ-
ous methods using orthogonal dCas9s (6, 14) or coupling sgR-
NAs to RNA aptamers and RNA binding proteins (7) instead 
require multiple constructs. 

We next applied LiveFISH to study the real-time dynamics 
of CRISPR-Cas9-induced DNA double-strand breaks (DSBs) 
in living cells. We created a U2OS cell line that stably ex-
pressed a truncated 53BP1 protein (amino acid 1220-1711) 
fused with a fluorescent Apple protein, a well-characterized 
DNA DSB sensor (15, 16). The human genome contains repet-
itive sequences that are often adjacent (<100kb) to most pro-
tein-encoding genes (>60%) (17). We co-delivered editing 
RNPs (Cas9/gPPP1R2) that cut the PPP1R2 gene on Chr3 and 
LiveFISH fRNPs (Cas9/A488-gChr3) that labeled the repeti-
tive Chr3q29 region, 36kb from the PPP1R2 cut site, into the 
U2OS-53BP1-Apple cells via nucleofection (Fig. 2A, table S2). 
To avoid fRNP-mediated DNA cutting, we used a short (11nt) 
spacer for the imaging gRNA, which is insufficient for DNA 
cleavage (7, 18). Quickly after nucleofection, we observed that 
a high percentage of Chr3q29 loci colocalized with 53BP1 foci 
in cells containing the editing gRNA (Fig. 2B-C), indicating 
rapid Cas9-induced DSB formation at the PPP1R2 loci. Se-
quential delivery of imaging fRNPs and editing RNPs enabled 
us to track the process of DSB formation and 53BP1 recruit-
ment at individual loci over time (Fig. 2D). After editing RNP 
delivery, we captured rapid and ongoing recruitment of 
53BP1 foci to Chr3q29 loci that persisted for hours (Fig. 2E-F, 
table S3). 

We were able to track dynamics of gene editing events. 
For example, we observed recruitment and subsequent disso-
ciation of 53BP1 foci to the Chr3q29 locus, likely suggesting 
successful repair of DSB (Fig. 2G-H, fig. S6A). We also ob-
served repeated recruitment and resolving of 53BP1 foci at a 
single DNA locus in many cells, suggesting repeated cutting 
and repairing of the target DNA (Fig. 2I-J, fig. S6B). Finally, 
multiple Chr3q29 loci clustered within the same 53BP1 foci 
after editing RNP delivery in some cells, indicating homolo-
gous pairing between the DSB loci as reported before (19) 
(Fig. 2K-L, fig. S6C-D). Two small 53BP1 bodies initially 
formed at separate Chr3q29 loci rapidly fused together, and 
correspondingly the homologous Chr3q29 loci interacted in-
side the fused 53BP1 body, suggesting that fusion of 53BP1 
bodies might facilitate homologous DSB loci pairing (Fig. 2K-
L, fig. S6C-D). 

Using CRISPR to edit multiple genes is important for gene 
therapy (20, 21), but can induce harmful non-homologous 
chromosomal rearrangements (1, 2). To visualize chromoso-
mal translocations, we co-delivered editing RNPs targeting 
PPP1R2 on Chr3 and SPACA7 on Chr13, and LiveFISH fRNPs 
to track both Chr3q29 and Chr13q34 (82kb from the SPACA7 

cutting site) (Fig. 3A, fig. S7A, table S2). DSB formation at tar-
geted loci was confirmed by 53BP1 immunostaining in U2OS 
cells (fig. S7B), which are often aneuploid (22). We were able 
to observe the pairing of Chr3q29 and Chr13q34 loci. The two 
loci showed almost identical movement trajectories (movie 
S4) and their distance remained almost constant (Fig. 3B-C), 
suggesting a possible physical link between both loci. We 
tracked the translocation dynamics. Chr3q29 and Chr13q34 
were initially separated, subsequently moved closer, and 
stayed together for a long period of time (Fig. 3D, fig. S8A-B, 
movie S5), likely representing endogenous non-homologous 
chromosomal translocation. We also captured transient 
events, wherein Chr3q29 and Chr13q34 loci moved together 
briefly and separated (Fig. 3E, fig. S8C). To independently 
confirm chromosomal translocation, we cloned, sequenced, 
and verified the translocated segments (fig. S9). 

We further expanded CRISPR LiveFISH to image both 
DNA and RNA in real time. We harnessed the catalytically-
deactivated Cas13d (CasRx), dCas13d, and synthesized fluo-
rescent gRNAs for target RNA imaging (23). The U2OS 2-6-3 
cell line harbors a repetitive LacO array upstream of Doxycy-
cline (Dox)-inducible gene cassette containing an array of 
MS2 repeats (24) (Fig. 4A). To simultaneously visualize both 
DNA and RNA, we designed Atto488-labeled Cas9 gRNA to 
target LacO DNA (gLacO) and Atto647-labeled Cas13d gRNA 
to target MS2 RNA (gMS2). By co-delivery of gMS2 and 
dCas9/gLacO into U2OS 2-6-3 cells expressing dCas13d, we 
successfully labeled both DNA locus and RNA transcripts in 
the presence of Dox (Fig. 4B-C). CRISPR LiveFISH also ena-
bled us to track real-time dynamics of RNA transcription in 
living cells. We observed gradual accumulation of MS2 tran-
scripts around the LacO locus over time after inducing tran-
scription with a high concentration of Dox (Fig. 4D, fig. S10). 

Here, we report the CRISPR LiveFISH technology for live-
cell DNA and RNA imaging. Chemically synthesized fluores-
cent gRNAs in complex with dCas proteins can facilitate 
rapid, robust, and scalable genomic DNA tracking and RNA 
imaging in living cells including primary cells (fig. S11, table 
S4). The target DNA-dependent protection of gRNAs within 
the Cas9:gRNA:DNA ternary complex in the RNase-rich en-
vironment enriches target signals while minimizing back-
ground noise. LiveFISH also allows dynamic tracking of 
CRISPR-induced gene editing and translocation events at en-
dogenous genomic loci in living cells. Dual DNA/RNA 
CRISPR LiveFISH using both dCas9 and dCas13 systems ena-
bles live imaging of genomic DNA and RNA transcripts in the 
same cells. It is possible to combine CRISPR LiveFISH with 
other genetic manipulation technologies (e.g., CRISPRi/a, ep-
igenetic modifications, and CRISPR-GO) to deepen our un-
derstanding of the spatiotemporal dynamics of genome 
organization and nuclear events (5, 17, 25, 26). 
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Fig. 1. DNA target-dependent protection of gRNA enables LiveFISH for robust genomic tracking 
and cytogenetic diagnosis in primary cells. (A) Schematic of LiveFISH for genomic imaging and 
cytogenetic detection in living cells via fluorescent ribonucleoprotein (fRNP) consisting of synthesized 
fluorescent gRNA and dCas9. (B-D) Comparison of fluorescent gRNA (Cy3-gRNA, red) and dCas9-
EGFP (green) labeling a repetitive Chr3q29 locus (white arrows) in U2OS cells via fRNP delivery. The 
dotted lines in (B) are used for linescan in (C) The yellow arrowheads in (D) show nucleolar dCas9-
EGFP accumulation. (E) Comparison of signal-to-background ratio (S/B) of labeled Chr3q29 loci using 
fluorescent gRNA (red) and dCas9-EGFP (green). Left, mean ± SD and p<0.0001 by t-test; right, the 
box plot of calculated ratios (orange) between the S/B of Cy3-gRNA and dCas9-EGFP at each locus. 
(F-G) Images of LiveFISH imaging and cytogenetic detection in normal (F) and Patau Syndrome 
patient-derived (G) amniotic fluid cells with fRNP containing dCas9-EGFP (green) and Atto565-gRNA 
(red) targeting Chr13. See movies S1 and S2 for dynamics. Scale bars, 10 μm. 
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Fig. 2. LiveFISH real-time visualization of gene-editing-induced DNA double-strand breaks (DSBs) in 
living cells. (A) Schematic of visualizing gene-editing-induced DSB dynamics by co-delivering LiveFISH fRNPs 
and CRISPR editing RNPs in 53BP1-Apple U2OS cells. (B) Percentages of 53BP1-colocalized Chr3 loci using a 
non-targeting gRNA (gNT) and a PPP1R2-targeting gRNA (gPPP1R2). Data shows mean ± SEM. p<0.0001 by 
Fisher’s exact test. (C) Representative images comparing localization of 53BP1 and Chr3 loci in cells with gNT 
and gPPP1R2. Scale bars, 10 μm. (D) Schematic of visualizing gene-editing-induced DSB dynamics by 
sequentially delivering LiveFISH fRNPs (t=-4h) and editing RNPs (t=0). (E-F) Percentages of newly (E) and total 
(F) 53BP1-colocalized Chr3q29 loci over time after editing RNP delivery (t=0). Black lines show non-linear fits. 
(G-H) Representative images (G) and quantification of 53BP1 fluorescence (H) at Chr3q29 loci during gene 
editing. (I-J) Representative images (I) and quantification of 53BP1 fluorescence (J) during repeated 
recruitment and resolution of 53BP1 at Chr3q29 loci. (K-L) Representative images (K) and quantification of 
distance between the Chr3 loci (L, top) and 53BP1 fluorescence (L, bottom) during 53BP1 loci fusion and 
homologous Chr3 loci pairing. Colored arrows in L indicate 53BP1 foci formation. White arrowheads in (G, I, and 
K) show 53BP1 recruiting or resolving events; a.u., arbitrary unit. Scale bars, 5 μm. 
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Fig. 3. LiveFISH detection and visualization of gene-editing-induced chromosome translocations in living 
cells. (A) Schematic of visualizing chromosomal translocations using LiveFISH fRNPs and CRISPR editing 
RNPs. (B-C) A representative U2OS cell (B) showing a pair of co-localized Chr3/Chr13 loci (arrow) and 
quantification of the Chr3/Chr13 distance (C) over a short time. See movie S4 for dynamics. (D) Representative 
images showing chromosomal translocation formation between Chr13 and Chr3 and distance over time. See 
movie S5 for dynamics. Scale bar, 1 μm. (E) Representative images showing transient colocalization between 
Chr13/Chr3 (outlined in white boxes) and distance over time. Scale bar, 10 μm. 
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Fig. 4. Dual CRISPR DNA/RNA LiveFISH enables real-time visualization 
of transcription in living cells. (A) Schematic of dual DNA/RNA LiveFISH in 
living cells. (B-C) Percentages of LacO DNA loci showing adjacent labeled 
MS2 RNA -/+ Dox (B) and representative images (C). (D) Representative 
images showing MS2 mRNA transcription dynamics after adding a high 
concentration of Dox. 
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