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Supplementary Figure 1. Pepper prevents the proteasomal degradation of tDeg-
fused fluorescent proteins in cells.
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To test if tDeg-fused fluorescent proteins are degraded in cells and examine
whether Pepper can prevent degradation, we transfected plasmids that express
tdTomato-tDeg and circular Pepper in HEK293T cells. When cells expressed
tdTomato-tDeg reporter only (treated with vehicle DMSO), minimal red fluorescence
was detected (middle column). However, when tdTomato-tDeg was co-expressed
with circular Pepper, the red fluorescence of tdTomato-tDeg was restored (left column).

To further validate whether tDeg causes protein instability by proteasomal
degradation, cells were then treated with a proteasome inhibitor (10 uM MG132) for 7
h'. When proteasome activity was inhibited by treatment of MG132 (right column), the
red fluorescence of tdTomato-tDeg was restored.

Thus, these data confirmed that the tDeg tag markedly reduces the stability of
tdTomato by inducing proteasomal degradation. In addition, Pepper can prevent
proteasomal degradation of a tDeg-fused fluorescent protein, which is consistent with
previous results'. All cells were stained with Hoechst dye (1.0 ug/ml). Scale bar, 50
gm.



Supplementary Figure 2. Real-time quantitative PCR (RT-qPCR) verification of
Pepper-fused sgRNA level in complex with tDeg and dCas9 protein.

a, Schematic of Pepper-fused sgRNA with dCas9. According to the crystal structure
of Cas9-sgRNA complex?, the tetraloop and stem-loop 2 in sgRNA do not make any
contacts with Cas9. In addition, substitutions and deletions in the tetraloop and stem
loop 2 regions of the sgRNA sequence do not affect Cas9 catalytic function35.
Therefore, Pepper (blue) are inserted at tetraloop and stem-loop 2 regions,
respectively. Cas9-binding region (black), and genomic DNA target region (spacer,
red) of sgRNA are shown. The sequence of Pepper is shown below. The sequence of
spacer and PAM are shown in Supplementary Table 2. Supplementary Fig. 2a was
created with BioRender.com.

b, RT-gPCR analysis of Pepper-fused sgRNAs levels in different conditions. We
sought to test whether Pepper-fused sgRNA will be stabilized without dCas9 or tDeg-
fused fluorescent protein in cellular environment. To do this, we measured expression
level of Pepper-fused sgRNA levels in the presence and absence of dCas9 and/or
tDeg by RT-gPCR. Source data are provided as a Source Data file.

When only expressed Pepper-fused sgRNA or co-expressed with tDeg, the RNA level
was extremely low. These data demonstrate that Pepper-fused sgRNA is highly
unstable and cannot form stable complex with tDeg to induce background
fluorescence. In contrast, when Pepper-fused sgRNAs were co-expressed with dCas9,
the RNA level was highly increased. These data showed that Pepper-fused sgRNAs
can form a stable complex with dCas9. In addition, the complex of Pepper-fused
sgRNAs and dCas9 is able to recruit the tDeg-fusing fluorescent protein reporter for
imaging targeted genomic loci.

All data are presented as the mean * s.d.; n = 3 independent experiments; black dots
represent individual data points; Pepper-fused sgRNA with dCas9 and tDeg group was
set as the control group for each independent experiment.
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Supplementary Figure 3. fCRISPR could not image genomic loci lacking sgRNA
or dCas?9.
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a, tDeg-fused fluorescent proteins did not readily image genomic loci when Pepper-
fused sgRNAs were not expressed. We co-expressed dCas9-GFP and tdTomato-tDeg
in living U20S cells. In the absence of Pepper-fused sgRNAs, we could not observe
the readily detectable puncta from both dCas9-GFP (left) and tdTomato-tDeg (right)
reporter. In addition, dCas9-GFP exhibited a high background fluorescence with non-
specific accumulation, whereas tdTomato-tDeg exhibited minimal background
fluorescence.

b, Pepper-fused sgRNA were degraded in the absence of dCas9. U20S cells were
co-expressed with Pepper-fused sgRNA and tdTomato-tDeg. Without dCas9, Pepper-
fused sgRNAs could not form dCas9-sgRNA complex, then were degraded by RNase®
(Supplementary Fig. 2b). tdTomato-tDeg reporter were destroyed in the absence of
dCas9-sgRNA complex formation. Therefore, we could not observe the readily
detectable puncta from tdTomato-tDeg reporter (right). These results suggest that
both Pepper-fused sgRNA and tdTomato-tDeg were degraded in the absence of
dCas9. Together, fCRISPR could not image genomic loci lacking dCas9. These
imaging data are consistent with gqPCR data (Supplementary Fig. 2b)

All cells were stained with Hoechst dye (1.0 ug/ml). 50 cells were analyzed in each
figure with similar results. Scale bar, 5 um.



tdTomato-tDeg
Chromosome 3 Chromosome 3

. sk
E] — tdTomato-tDeg
S 1.0 1.01 : B 80 |- b
1]
= x o
[«}]
§ % 40 - L
S 05- 0.5} 37
o .
]|
E 1 1 1 S 1 o@q
2 0 5 10 15 0 5 10 15 o
Distance (um) o@""
A
Nucleus  Cytoplasm &

Supplementary Figure 4. fCRISPR with tdTomato-tDeg shows high SNR over the
conventional CRISPR with dCas9-tdTomato for genomic loci imaging.

a. Comparison of genomic loci labeling (white arrowheads) between conventional
CRISPR and fCRISPR with the identical tdTomato reporter. We compared the
fluorogenic ability between conventional CRISPR with dCas9-tdTomato and fCRISPR
with tdTomato-tDeg reporters. To do this, we expressed these two systems targeting
Chromosome 3 repetitive lociin U20S cells, respectively. The imaging results showed
the background fluorescence of tdTomato-tDeg reporter in the nucleus is significantly
lower than dCas9-tdTomato reporter. In addition, conventional CRISPR with dCas9-
tdTomato reporter produces nonspecific accumulation of fluorescence (yellow
arrowheads). In contrast, fCRISPR with tdTomato-tDeg reporter did not display
background fluorescence in the nucleolus. The white dotted lines run through the
cytoplasm to the nucleus to produce the plot profile in Supplementary Fig. 4b. All cells
were stained with Hoechst dye (1.0 ug/ml). Scale bar, 5 pm.

b. Fluorescence profiles of labeled Chromosome 3 loci with dCas9-tdTomato reporter
(peach) and tdTomato-tDeg reporter (red). Background fluorescence of dCas9-
tdTomato (peach lines) in the nucleus (light blue area) is higher than that of tdTomato-
tDeg (red lines). Fluorescence plots were generated from the white dotted lines in
Supplementary Fig. 4a. Source data are provided as a Source Data file.

c. fCRISPR with tdTomato-tDeg (red, right) shows higher SNR compared to the
CRISPR with dCas9-tdTomato (peach, left). Data are represented as means *
standard deviation for tdTomato-tDeg (1.470 + 0.2557) and dCas9-tdTomato (57.48 +
16.24). p<0.0001 by Wilcoxon test; 22 cells (51 fluorescent puncta) were analyzed.
Source data are provided as a Source Data file.
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Supplementary Figure 5. fCRISPR is able to image one to three Chromosome 3
loci numbers in various U20S cells.

fCRISPR labeling of Chromosome 3 loci showed one to three fluorescent puncta
in U20S cells. Unlike normal diploid cells, the U20S cell karyotype is highly abnormal®.
With fCRISPR, we readily observed the different numbers (1-3) of Chromosome 3 loci
(white arrowheads) in U20S cells, which matched the results from previous reports®.
All cells were stained with Hoechst dye (1.0 ug/ml). Scale bar, 5 um.
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Supplementary Figure 6. Comparison of genomic loci imaging between MCP-
fused fluorescent protein and fluorogenic protein.

a, Schematic of CRISPR with MS2-recruiting MCP-fused fluorescent protein for
genomic loci imaging. In contrast, fCRISPR using a tDeg-fused fluorescent protein,
which is degraded in the cell, MCP (MS2 coat protein, brown)-fused fluorescent protein
(green) is stable, leading to background fluorescence. When MCP-fused fluorescent



protein binds to MS2 (green line)-fused sgRNA and dCas9 (blue), genomic loci can be
targeted and fluorescent puncta can be observed*. Supplementary Fig. 6a was
created with BioRender.com.

b-c, Comparison of genomic loci labeling (white arrows) between CRISPR with MCP-
GFP reporter (left) and fCRISPR with tdTomato-tDeg reporter (right). To image
genomic loci using CRISPR with MCP-GFP reporter, U20S cells were transfected with
the MS2-fusing sgRNA targeting Chromosome 3, dCas9-mCherry, and MCP-GFP.
We found MCP-GFP labeled fluorescent puncta (left, white arrowheads), nonspecific
fluorescent protein accumulation (yellow arrowheads), and high background
fluorescence in the nucleus. In contrast, the background fluorescence of tdTomato-
tDeg reporter (right) in the nucleus and cytoplasm is significantly lower than MCP-GFP
reporter (left). Therefore, CRISPR with MCP-GFP reporters exhibits strong
fluorescent background and nonspecific accumulation of fluorescent protein in the
nucleolus. Source data are provided as a Source Data file.

The white dotted lines produce the plot profile in Supplementary Fig. 6¢. All cells were
stained with Hoechst dye (1.0 ug/ml). Scale bar, 5 ym.
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Supplementary Figure 7. Verification of fCRISPR in various high-copy (>100
copies) genome loci tracking and different human cell lines.

a, fCRISPR enables genomic loci imaging in various living human cell lines. To test if
fCRISPR is capable of imaging Chromosome 3 (~500 copies) in other living human
cell lines, we transfected fCRISPR with tdTomato-tDeg reporter in HEK293T, Hela,
Huh7, and LO2 cell lines, respectively. In all cell types observed, red fluorescent
puncta from tdTomato-tDeg reporters were readily detected only when expressed
using fCRISPR. These red fluorescent puncta colocalized with green fluorescent
puncta from dCas9-GFP reporter in cells.

b, f{CRISPR is able to image different genomic loci. To testif {CRISPR is able to image
genomic loci in different chromosomes, we transfected fCRISPR with tdTomato-tDeg
reporter targeting telomeres (>500 copies), centromere (>500 copies), Chromosome
13 (~500 copies), and MUC4-Intron 1 (MUC4-11, ~90 copies), respectively, in U20S
cells. In all genomic loci observed, red fluorescent puncta from tdTomato-tDeg
reporter were readily detected only when expressed using fCRISPR. These red
fluorescent puncta colocalized with green fluorescent puncta from dCas9-GFP
reporter in cells.

a and b, The signal spots of dCas9-GFP and bright field were shown. To verify the
labeling efficiency of fCRISPR system, we used dCas9-GFP for validation. We
observed the co-labeling signal spots (white arrowheads) of tdTomato-tDeg and
dCas9-GFP in the same cell. Nucleolar dCas9-GFP accumulation (yellow
arrowheads) was shown. Scale bar, 5 um. These experiments were performed three
times with similar results.
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Supplementary Figure 8. Verification of fCRISPR for low-copy genome loci
tracking.

a, fCRISPR is able to image different low-copy genomic loci in living U20S cells.
Representative images of fCRISPR and conventional CRISPR in low-copy genomic
loci imaging. To test if fCRISPR is able to image low-copy genomic loci in different
chromosomes, we transfected fCRISPR with tdTomato-tDeg reporter targeting low-
copy genomic loci on Chromosome 19 (30 copies), Chromosome 3 (25 copies),
Chromosome 9 (17 copies), and Chromosome 13 (14 copies), respectively, in U20S
cells. In all genomic loci observed, red fluorescent puncta from tdTomato-tDeg
reporter were readily detected only when expressed using fCRISPR (white
arrowheads). However, conventional CRISPR with dCas9-GFP reporter cannot
observe signals at all low-copy genomic loci”®. Scale bar, 5 um. These experiments
were performed at least three times with similar results.

b, Representative images of fCRISPR labeled low-copy genomic loci in fixed cells with
FISH validation. We expressed fCRISPR imaging system targeted various low-copy
genomic loci in U20S cells and subsequently fixed the cells to incubate FITC-fused
DNA FISH probes. After hybridization, images were acquired with the confocal
microscopy. Representative imaging of Chromosome 3 (25 copies, top) and
Chromosome 13 (14 copies, bottom) were shown respectively. We observed the co-
labeling signal spots (white arrowheads) of tdTomato-tDeg (red) and FITC-fused
probes (green) in the same cell. Scale bar, 5 ym. These experiments were performed
at least three times with similar results.

¢, Quantification of the specificity when imaging low-copy genome loci using fCRISPR
in (b). The specificity of f{CRISPR in low-copy genomic loci is around 90-92%. Values
are means * s.d.. n= 150 cells per condition. Source data are provided as a Source
Data file.



d, Quantification of the sensitivity when imaging low-copy genome loci using fCRISPR.
The SNR of these fCRISPR labeled low-copy genomic loci is between 2.2-5.8. Values
are means = s.d.. n= 22 cells per condition. Source data are provided as a Source
Data file.

e, Quantification of the number of signals when imaging low-copy genome loci using
fCRISPR. The number of signals is variable in U20S cells, ~60% of cells showed 2
signals when imaged low-copy numbers in Chromosome 9, 13, and 19, while 46% of
cells showed 3 signals in Chromosome 3. Values are means * s.d.. n= 50 cells per
condition. Source data are provided as a Source Data file.
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Supplementary Figure 9. Verification of multi-color genomic loci imaging.

fCRISPR enables multi-color imaging by modulating tDeg-fused fluorescent
proteins. The dCas9 signal spots and bright fields were displayed. We utilized dCas9-
mCherry to validate the mCerulean-tDeg, mNeonGreen-tDeg, and YPet-tDeg. dCas9-
GFP was validated using tdTomato-tDeg and iRFP670-tDeg to prevent the overlap of
excitation and emission spectra. Co-labeling signal spots (white arrowheads) of tDeg
and dCas9 were observed in the same cell. Nucleolar dCas9-GFP accumulation
(yellow arrowheads) was shown. Scale bar, 5 ym.
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Supplementary Figure 10. The Broccoli-fused CRISPR for orthogonal genomic
loci imaging with fCRISPR.

a, Schematic of Broccoli-fused CRISPR with small-molecule Bl fluorophore for
genomic loci imaging. Unlike Pepper, which induces the fluorescence of fluorogenic
proteins, Broccoli binds and induces the fluorescence of an otherwise nonfluorescent
Bl dye®. Broccoli-fused sgRNA is designed by inserting two dimeric Broccoli RNA
aptamer (green line) into the tetraloop and stem-loop2 of sgRNAS®. Supplementary
Fig. 10a was created with BioRender.com.

b, Chemical structures of Bl. Broccoli binds Bl to produce bright green fluorescence
(Ex =470 nm, Em = 505 nm)°.

¢, Orthogonal live-cell imaging of high-copy genomic loci Chromosome 3 (~500 copies)
and Chromosome 13 (~500 copies) in U20S cells. We co-expressed fCRISPR using
tdTomato-tDeg reporter, and Broccoli-fused CRISPR with Bl reporter. Furthermore,
we utilized dCas9-BFP (blue arrowheads) to validate the targeted loci. Both red and
green fluorescent puncta were readily detected in the presence of Bl dyes (10 uM)
and colocalized with the blue dCas9-BFP reporter in the merged image. These results
demonstrate that fCRISPR can function as an orthogonal live-cell imaging platform
together with other CRISPR imaging techniques. Although the sgRNAs with Broccoli
exhibit fluorogenic ability towards Bl dyes in the nucleus, the exogenously added Bl
dyes exhibit nonspecific background on their own This issue is widespread for other
fluorogenic aptamers with exogenously added fluorophores. This may limit the utility
of this system. Nevertheless, these data show that fCRISPR can be used for
multiplexed imaging of different genomic loci when coupled with other CRISPR-based
imaging systems. Scale bar, 5 um.
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Supplementary Figure 11. Verification of Broccoli-fused CRISPR for various
low-copy genome loci tracking.

a, Broccoli-fused CRISPR system enables low-copy genomic loci imaging in living
U20S cells. We co-expressed dCas9 and Broccoli-fused sgRNA targeting low-copy
genomic loci with 25 copies (top) or 20 copies (bottom) in Chromosome 3. Images
were acquired with confocal microscopy after incubation with Bl dye (10 uM) and
Hoechst dye (1.0 pg/ml) for 1 h. We observed three fluorescent puncta in both U20S
cells (white arrowheads). Scale bar, 5 um. These experiments were performed three
times with similar results.

b, FISH validation demonstrated that Broccoli-fused CRISPR can image low-copy
genomic loci in Chromosome 3. We expressed Broccoli-fused CRISPR in U20S cells
and subsequently fixed the cells to incubate Cy3-fused DNA FISH probes and Bl dye
(10 uM). After FISH hybridization, we observed the co-labeling signal spots (white
arrowheads) of Broccoli-fused CRISPR with Bl reporter and Cy3-fused FISH probes
in the same cell. Representative imaging of 25 copies (top) and 20 copies (bottom) in
Chromosome 3 were shown respectively. These experiments were performed three
times with similar results. Scale bar, 5 ym.

¢, Quantification of colocalization between FISH and Broccoli-fused CRISPR as in (b).
The specificity of Broccoli-fused CRISPR in low-copy genomic loci is around 90-93%.
Values are means * s.d.. n= 120 cells per condition. Source data are provided as a
Source Data file.



d, Quantification of SNR when imaging low-copy genome loci using Broccoli-fused
CRISPR. The SNR of these Broccoli-fused CRISPR labeled low-copy genomic loci is
between 2.0-2.8. Values are means * s.d.. n= 20 cells per condition. Source data
are provided as a Source Data file.
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Tracking Chromosome 3 locus movement using different labeling methods
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Supplementary Figure 12. Comparison between fCRISPR and two conventional
CRISPR-based imaging systems for tracking chromosomal dynamics.

a, The single-particle trajectory tracking with fCRISPR and two conventional
CRISPR*8 imaging systems. We compared the chromosomal heterogeneity using
fCRISPR with two other conventional CRISPR systems, including CRISPR with
dCas9-GFP reporter and MS2-fused CRISPR with MCP-GFP reporter. To do this, we
performed fCRISPR and these two conventional CRISPR targeting Chromosome 3 in



U20S cells. We observed three fluorescent puncta (white arrowheads). To determine
the chromosomal dynamics heterogeneity, we analyzed the short-time scale (within
5s) confinement sizes (Lconfinement) and microscopic diffusion coefficients (Dmicro). One
of the Chromosome 3 loci showed directional transport with longer displacements than
the others, and all Chromosome 3 loci were movement-confined. By comparing the
Dmicro and Lconfinement, the different CRISPR-based imaging systems showed the similar
results. These results are consistent with fCRISPR with conventional CRISPR-based
imaging systems in chromosomal dynamics analysis”'°.

The time interval is 0.11 s, and the gradient colors of each trajectory represent the
from 0 to 15 s. Scale bar for fluorescence figure, 5 um. Scale bar for the trajectories,
0.2 ym. See Supplementary Movie 2-4. Source data are provided as a Source Data
file.

b, The quantitative mean-squared displacement (MSD) curves of fCRISPR and two
conventional imaging systems*8. The MSD curves of fCRISPR with tdTomato-tDeg
(red, Dmicro = 1.85x103 um?/s), dCas9-GFP (dark green, Dmicro = 2.2x107 ym?/s), and
MCP-GFP (light green, Dmicro = 2.0x10-® ym?/s) were shown, and the colored shaded
area represents the 95% fitting confidence interval. The MSD curves between
fCRISPR and other two CRISPR-based systems had a similar trend, representing
similar confinement characteristics. Therefore, fCRISPR is consistent with previous
results and showed that the Chromosome 3 movements were highly confinement”-'0.
n= 45 cells per condition. Source data are provided as a Source Data file.
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Supplementary Figure 13. Comparison of relative telomere length between
fCRISPR with tdTomato-tDeg and CRISPR with dCas9-GFP in the same cell.

The representative images of labeled telomere fluorescence puncta in RPE and
UMUCS3 cells using fCRISPR with tdTomato-tDeg and CRISPR with dCas9-GFP. To
detect the telomere length, we co-expressed dCas9-GFP, tdTomato-tDeg, Pepper-
fused sgRNA targeting telomere in RPE (top) and UMUC3 (bottom) cells. The
fluorescent reporters of tdTomato-tDeg reporter (red) and dCas9-GFP (green) reporter
showed colocalization, validating the specificity of fCRISPR for imaging telomere.
Also, the background fluorescence of tdTomato-tDeg reporter in the nucleus and
cytoplasm is significantly lower than dCas9-GFP as shown. All cells were stained with
Hoechst dye (1.0 ug/ml). Scale bar, 5 ym. These experiments were performed at
least three times with similar results.



Supplementary Figure 14. 53BP1-Apple reporters can detect Cas9-induced DNA
breaks and repairs.

a, Representative images of 53BP1-Apple expressing U20S cells in the presence or
absence of PPP1R2-editing CRISPR. We created a U20S cell line to stably express
53BP1-Apple. To avoid the interference of pre-existing 53BP1-Apple foci caused by
53BP1-Apple high expression, we performed fluorescence-activated cell sorting to
sort and collect cells with low 53BP1-Apple expression™’.

To determine if 53BP1-Apple foci is not pre-existing in U20S cells without CRISPR-
induced DSBs, we then transfected empty vector or PPP1R2-editing CRISPR in
53BP1-Apple expressing U20S cells, respectively. We barely observed pre-existing
53BP1 foci in cells without PPP1R2-editing CRISPR transfection(top). In contrast, we
observed an apparent 53BP1 foci (bottom, white arrowheads) after PPP1R2-editing
CRISPR transfection. The foci likely represent the recruitment of 53BP1 at the Cas9-
induced DSBs loci'"'2. Scale bar, 5 um. These experiments were performed at least
three times with similar results.



b, Quantification of 53BP1-Apple foci in (a). Values are means % s.d.. n= 500 cells
per condition. Source data are provided as a Source Data file.

¢, 53BP1-Apple foci are not colocalized to Chromosome 3 without expression of
PPP1R2-editing CRISPR. To test the targeting specificity of Cas9-induced gene
editing, we performed PPP1R2- or scrambled-targeted sgRNA with Cas9. We
observed barely 53BP1 foci and fCRISPR loci colocalization in empty vector or
scrambled-targeted sgRNA with Cas9 transfected cells. In contrast, f{CRISPR loci and
53BP1-Apple foci (white arrowheads) were colocalized in the cells that expressed
PPP1R2-editing CRISPR. These results further clarified the recruitment of 53BP1 at
the Cas9-induced DNA break site'"'2. Scale bar, 5 ym. These experiments were
performed at least three times with similar results.

d, Quantification of colocalization between fCRISPR loci and 53BP1-Apple foci in (c).
Values are means * s.d.. n= 400 cells per condition. Source data are provided as a
Source Data file.

e, Representative live-cell images showing inhibition of 53BP1-Apple recruitment by
ATM inhibitor. We used an ATM inhibitor KU-0055933, a commonly used inhibitor to
block ATM-dependent phosphorylation3'4, to hinder the 53BP1-Apple recruitment to
the DSBs locus. We added KU-0055933 (100 uM) in 53BP1-Apple stably expressing
U20S cells that expressed PPP1R2-targeted sgRNA with Cas9 and fCRISPR. After
adding KU-0055933 for 1 h, we observed barely 53BP1 foci existed. Without adding
KU-0055933, we observed fCRISPR loci colocalized with 53BP1 foci. These results
demonstrate ATM activity is required for 53BP1 recruitment to DSBs loci. Scale bar, 5
um. These experiments were performed at least three times with similar results.

f, Quantification of colocalization between fCRISPR loci and 53BP1-Apple foci
incubated with or without ATM inhibitor KU-0055933 in (e). Values are means * s.d..
n= 400 cells per condition. Source data are provided as a Source Data file.

g, Representative immunofluorescence images showing the disappearance of 53BP1-
Apple and yH2AX foci with ATM inhibition. We next asked whether truncated 53BP1,
similar to classic biomarker yH2AX, undergoes phosphorylation following DNA DSBs.
Phosphorylated histone H2AX (yH2AX) functions in the recruitment of DNA damage
response proteins to DSBs. ATM also colocalizes with yH2AX at DSBs sites following
its auto-phosphorylation. Thus, we tried to observe the localization between 53BP1
and yH2AX upon the addition of an ATM inhibitor in the same cell. To do this, we
transfected PPP1R2-targeted sgRNA with Cas9 in 53BP1-Apple expressing U20S
cells and added KU-0055933 (100 uM). After adding KU-0055933 for 1 h, we fixed
the cells and labeled yH2AX with Alexa Fluor 488 for immunofluorescence. We
observed both truncated form of 53BP1 and yH2AX formation were abrogated when
ATM was suppressed. These results indicate that ATM activity is required for the
recruitment of both 53BP1-Apple and yH2AX. Scale bar, 5 um. These experiments
were performed at least three times with similar results.



h, Quantification of colocalization between yH2AX loci and 53BP1-Apple foci
incubated with or without ATM inhibitor KU-0055933 in (g). Values are means * s.d..
n= 400 cells per condition. Source data are provided as a Source Data file.

i, Western blots validate phosphorylation levels for DSBs-responsive endogenous
proteins by adding ATM inhibitors. The data shown here is a representative image
from 3 independent cell cultures. The whole cropped blot is shown in Supplementary
Fig. 20.



Supplementary Figure 15. 53BP1-Apple reporter in U20S cells localization to
Cas9-induced DSBs sites in H2AX

Representative immunofluorescence shows the colocalization between yH2AX
and 53BP1 foci after the transfection of PPP1R2-targeted sgRNA with Cas9. yH2AX
foci appearance can signal the DNA breaks'5'7. After 5h transfection (the observation
time at O h in the top-left figure), we then fixed 53BP1-Apple stably expressing U20S
cells and labeled yH2AX with Alexa Fluor 488 for immunofluorescence at different time
points (a). We observed that the yH2AX and 53BP1 foci colocalization increased from
0 h (~3.5% of 200 cells, 5h transfection) to 7 h (~67.7% of 200 cells, 12 h transfection).
These data demonstrated that 53BP1-Apple foci were colocalized with yH2AX foci and
likely signal Cas9-induced DNA breaks. Scale bar, 5 ym. n=200 cells for each time
point (b). These experiments were performed at least three times with similar results.
Source data are provided as a Source Data file.
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Supplementary Figure 16. The timing of repair after Cas9-induced DSBs.

a, The whole cell images of Fig. 6b. The corresponding 3D reconstruction was shown
in Supplementary Movie 5. Scale bar, 5 ym.

b, Statistics of 53BP1 dwell times. We analyzed the repairing time after DSBs by
observing the dwell time of 53BP1. Pie chart showing the percentages of different
repair durations across sample cells (n = 35 cells). 8.57% of foci persisted for <2 h
(black), 60.00% persisted for 2-4 h (light gray), and 31.43% persisted for >4 h (dark
gray). The maijority of alleles required 2 to 4 h for repairing after Cas9-induced DSBs,
which is consistent with previous reports'®. Source data are provided as a Source
Data file.
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Supplementary Figure 17. fCRISPR enables to image the repeated cutting and
repairing after Cas9-induced DSBs in Chromosome 3.

a, Representative images of DNA repeated cutting and repairing at PPP1R2 locus. To
distinguish the two Chromosome 3 loci, we labeled them as locus 1 and 2, respectively.
These images showed that 53BP1-Apple were recruited at locus 1 at 0 h and
dissociated at 2 h. Meanwhile, 53BP1-Apple were recruited at locus 2 at 1 h and
dissociated at 4 h. 53BP1-Apple reporters were recruited to locus 1 again at 3.5 h and
dissociated at 7 h. Similarly, 53BP1-Apple reporter were recruited to locus 2 again at
6 h. Images were acquired with the Olympus SpinSR-10 microscopy at 0.5h time
intervals. Z-stacks images were obtained at all time points. Image acquisition time, 7
h. The whole cells images and 3D reconstruction were shown in Supplementary Fig.
17b and Supplementary Movie 6. Scale bar, 5 ym.

b, The whole cell images of Supplementary Fig. 17a, showing repeated induction of
DNA double-strand breaks and subsequent repair at a chromosome locus (white
arrowheads). Maximum intensity projections of the Z-stacks are displayed. The
corresponding 3D reconstruction was shown in Supplementary Movie 6. Scale bar, 5
Mm.

¢, Normalized fluorescence intensity of the 53BP1-Apple reporter during DNA
repeated cutting and repairing at PPP1R2 locus shown in Supplementary Fig. 17a.
The normalized fluorescence of locus 1 (dark red) was gradually decreased after the
initial increment, then gradually increased which represents the 53BP1 recruited to
locus 1 again. The final decrement represents the 53BP1 resolution. The normalized
fluorescence of locus 2 (orange) was shown a similar increase and decrease, which
represents the 53BP1-Apple repeated recruitment and dissociation at locus 2. Data
were analyzed by Fiji, and processed by GraphPad Prism 9. Source data are provided
as a Source Data file.



Supplementary Figure 18. Two chromosome loci gradually get closer after Cas9-
induced DSBs in Chromosome 3.

a, Representative images showing 53BP1 foci fusion after 53BP1 was recruited to
both loci sequentially (white arrowheads). Imaging showed that 53BP1 recruited two
Chromosome 3 loci from 0 h to 1.5 h. Starting from 2 h point, the two loci were
gradually closed at 3.5 h''. Then these two loci were gradually dissociated from 4 to
7 h. Scale bar, 5 ym.

b, The whole cell images of Supplementary Fig. 18a show the two chromosome 3 loci
getting closer during repairing (white arrowheads), as well as the unrepaired gene
locus at the bottom. The corresponding 3D reconstruction was shown in
Supplementary Movie 7. Scale bar, 5 um.

¢, The distance of these two Chromosome 3 loci labeled by fCRISPR with YPet-tDeg
reporter from 1 to 7 h. These two Chromosome 3 loci were gradually approached from
1 h to 3.5 h (light red region) shown in Supplementary Fig. 18a. Source data are
provided as a Source Data file.
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Supplementary Figure 19. Time-lapse imaging of SPACA7 locus in Chromosome
13 DSBs and repair using fCRISPR.

a, Schematic of fCRISPR with editing CRISPR for tracking of DNA breaks and repairs
of SPACA?7 locus in Chromosome 13 DSBs. Supplementary Fig. 19a was created with
BioRender.com.

b, Representative images of DNA breaks and repairs during the recruitment and
resolution of 53BP1at Chromosome 13 loci. Images were acquired with the Olympus
SpinSR-10 microscopy at 0.5 h time intervals. Image acquisition time, 3.5 h. Scale
bar, 5 um.

¢, The whole cell images of Supplementary Fig. 19b, showing the SPACA7 locus
breaks and repairs in the Chromosome 13 (white arrowheads). The corresponding
3D reconstruction was shown in Supplementary Movie 8. Scale bar, 5 pm.
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Supplementary Figure 20. The whole cropped blots in the WB experiment for
Supplementary Figure14 i.



Supplementary Table 1. Plasmids used in each experiment.

Assay

Plasmids usage

Related to Figures

Chromosome 3 targeted by
fCRISPR

Colocalization between dCas9
and tDeg targeted low-copy
genomic loci

Colocalization between dCas9
and tDeg targeted different
genomic loci

tDeg with various fluorescent
proteins

Chromosome 3 and 13 dual-
labeling (low copies)

Chromosome 3 and 13 dual-
labeling

DNA DSBs and repair in
PPP1R2

DNA DSBs and repair in
SPACA7

Pepper: tDeg mechanism
validation

MS2-MCP and fCRISPR
comparison

dCas9-tdTomato and fCRISPR

comparison

Broccoli-fused CRISPR

DSBs validation

fCRISPR for telomere length

0.2 pg dCas9-GFP + 0.5 ug Pepper-fused sgRNA targeting
Chromosome 3 + 0.3 pg tdTomato-tDeg

0.2 pg dCas9-GFP + 0.5 ug Pepper-fused sgRNA targeting
Chromosome 9 with 30 copies + 0.3 pg tdTomato-tDeg; or
0.2 pg dCas9-GFP + 0.5 ug Pepper-fused sgRNA targeting
Chromosome 3 with 25 copies + 0.3 pg tdTomato-tDeg; or
0.2 yg dCas9-GFP + 0.5 ug Pepper-fused sgRNA targeting
Chromosome 9 with 17 copies+ 0.3 ug tdTomato-tDeg; 0.5
ug Pepper-fused sgRNA targeting Chromosome 13 with 14
copies + 0.3 ug tdTomato-tDeg

0.2 pg dCas9-GFP + 0.5 ug Pepper-fused sgRNA targeting
telomere + 0.3 pug tdTomato-tDeg; or 0.2 pg dCas9-GFP +
0.5 pg Pepper-fused sgRNA targeting Chromosome 3 + 0.3
ug tdTomato-tDeg; or 0.2 ug dCas9-GFP + 0.5 ug Pepper-
fused sgRNA targeting Chromosome 13 + 0.3 pg tdTomato-
tDeg; 0.5 pg Pepper-fused sgRNA targeting MUC4-12 + 0.3
ug tdTomato-tDeg

0.2 pg dCas9-mCherry + 0.5 pg Pepper-fused sgRNA
targeting Chromosome 3 + 0.3 ug mCerulean-tDeg; 0.2 ug
dCas9-mCherry + 0.5 pg Pepper-fused sgRNA targeting
Chromosome 3 + 0.3 ug mNeonGreen-tDeg; 0.2 ug dCas9-
BFP + 0.5 pg Pepper-fused sgRNA targeting Chromosome
3 + 0.3 pg YPet-tDeg; 0.2 ug dCas9-GFP + 0.5 pg Pepper-
fused sgRNA targeting Chromosome 3 + 0.3 pug tdTomato-
Deg; 0.2 pg dCas9-GFP + 0.5 pg Pepper-fused sgRNA
targeting Chromosome 3 + 0.3 ug iRFP670-tDeg

0.2 pg dCas9-BFP + 0.5 ug Broccoli-fused sgRNA targeting
Chromosome 3 with 25 copies + 0.5 ug Pepper-fused
sgRNA targeting Chromosome 13 with 14 copies +
tdTomato-tDeg

0.2 pg dCas9-BFP + 0.5 ug Broccoli-fused sgRNA targeting
Chromosome 3 + 0.5 pg Pepper-fused sgRNA targeting
Chromosome 13 + tdTomato-tDeg

For image DNA loci: 0.2 ug dCas9 + 0.5 ug Pepper-fused
sgRNA targeting Chromosome 3 + 0.3 pg YPet-tDeg

For DNA double-strand break: 0.5 ug Cas9 with sgRNA
targeting PPP1R2

For image DNA loci: 0.2 uyg dCas9 + 0.5 ug Pepper-fused
sgRNA targeting Chromosome 3 + 0.3 pg YPet-tDeg

For DNA double-strand break: 0.5 ug Cas9 with sgRNA
targeting SPACA7

0.7 yg Tornado-Pepper + 0.3 pg tdTomato-tDeg

0.2 pyg dCas9-BFP + 0.5 ug MS2-fused sgRNA targeting
Chromosome 3 + 0.3 yg GFP-MCP

0.2 pg dCas9-tdTomato + 0.8 ug sgRNA targeting
Chromosome 3

0.2 yg dCas9 + 0.8 pg Broccoli fused sgRNA targeting
Chromosome 3 with 25 copies, or 0.2 pg dCas9 + 0.8 pg
Broccoli fused sgRNA targeting Chromosome 3 with 20
copies

0.5 pg Cas9 with sgRNA targeting PPP1R2

0.2 pg dCas9-GFP + 0.5 ug Pepper-fused sgRNA targeting
telomere + 0.3 pg tdTomato-tDeg

Fig.1 b,c; Fig. 2a; Fig. 4a;

Supplementary Fig. 3b; Supplementary

Fig. 12a

Fig. 2b; Supplementary Fig. 8a

Supplementary Fig. 7b

Fig. 3a; Supplementary Fig. 9

Fig. 3c

Supplementary Fig. 10c

Fig. 6b; Supplementary Fig. 14c,e;

Supplementary Fig. 16a; Supplementary

Fig. 17; Supplementary Fig. 18

Supplementary Fig. 19

-

Supplementary Fig.

Supplementary Fig. 3b; Supplementary

Fig. 12a

Supplementary Fig. 4

Supplementary Fig. 11a,b

Supplementary Fig. 14a,g,i;
Supplementary Fig. 15;

Fig. 5; Supplementary Fig. 13




Supplementary Table 2. sgRNA and FISH probes sequences used in this study.

Pepper-fused sgRNA:

5 — NNNNNNNNNNNNNNNNNNGUUUGAGAGCUAGGCCGGCUCGUUGAGCUCA
UUAGCUCCGAGCCGGCCUAGCAAGUUCAAAUAAGGCUAGUCCGUUAUCAACU
UGGCCGGCUCGUUGAGCUCAUUAGCUCCGAGCCGGCCAAGUGGCACCGAGU
CGGUGCUUUUUUU-3

Broccoli-fused sgRNA:

5 — NNNNNNNNNNNNNNNNNNGUUUGAGAGCUAGGCCAGACGGTCGGGTCCA
AATGAGACGGTCGGGTCCAGAAGTTCGCTTCTGTCGAGTAGAGTGTGGGCTCA
TTTGTCGAGTAGAGTGTGGGCTGGCCUAGCAAGUUCAAAUAAGGCUAGUCCG
UUAUCAACUUGGCCAGACGGTCGGGTCCATCTGAGACGGTCGGGTCCAGTAG
TTCGCTACTGTCGAGTAGAGTGTGGGCTCAGATGTCGAGTAGAGTGTGGGCTG
GCCAAGUGGCACCGAGUCGGUGCUUUUUUU-3’

MS2-fused sgRNA:

5" — NNNNNNNNNNNNNNNNNNGUUUGAGAGCUAGGCCAACAUGAGGAUCACC
CAUGUCUGCAGGGCCUAGCAAGUUCAAAUAAGGCUAGUCCGUUAUCAACUUG
GCCAACAUGAGGAUCACCCAUGUCUGCAGGGCCAAGUGGCACCGAGUCGGU
GCUUUUUUU-3

The sequences of DNA FISH probes are:
Chromosome 3: Cy3/FITC - CTTCCTGTCACCGAC
Chromosome 13: Cy3/FITC - GACCATTCCTTCAGG



Supplementary Table 3. The spacer of sgRNA used in this study.

Sequences information

Labeling and assay

Spacer of
sgRNA
Chromosome Start End Spacer PAM Copies fCRISPR Broccoli-Bl
TAGGGTTAGGG
1 Telomere - - TTAGGGTTA GGG - Detectable used
GAATCTGCAAG
2 Centromere - - TGGATATT GGG - Detectable used
High
copy 3 Chromosome 3 1958;176 198231 392 GTGATéTCACA TGG ~500 Detectable used Detectable used
number
4 Chromosome 111520 11156532 GACCATTCCTT AGG ~500 Detectable used
13 792 8 C
GAAGGTATGGG
5 MUC4-11 145956 149750 TGTGGAAGGTA TGG ~90 Detectable used
T
767793 CGGGTAGGGA
6 Chromosome 3 82 76780192 GTAGGAGGTG AGG 28 Detectable used Detectable used
197825 19782785 CCACTGTCCAC
7 Chromosome 3 777 1 ATCCTGCAG CGG 27 Detectable used Detectable used
195505 19551538  AAGTGTCGGTG used
8 Chromosome 3 804 Py ACAGGAAGA AGG 25 Detectable used Detectable e
196188 19618959  GAGTTGAGTCT used; used
9 Chromosome 3 307 1 GTATTGTAG GGG 20 Detectable FISH Detectable i
1 773390 ATGGTTAAACG Non-
0 Chromosome 3 73 77345429 GGTAAGCTG AGG 19 Detectable used detectable used
1 197647 19764891 CTACTGGTTTTC Non-
1 Chromosome 3 881 5 AGTAACTC CGG 18 Detectable used detectable used
CCGTAGAGAGG
5 Chromosomeg {9713 14071403 ceeacteaces  Gee 17 Detectable  used
G
; CATCTCTGGTC Non-
Chromosome 9 320478 322273 ACAGAACCTGG GGG 13 used
3 G detectable
ATTCTGGGAGT
.+ Chomosomeg 4% 14042859 cereccaccte  TaG 8 oo used
G etectable
Low
1 Chromosome 114849 11485258 ATCGACTCCCT
copy
number 5 13 103 5 TccTeetee 1eC 25 Detectable  used
1 Chromosome 114885 11488604 ATCGACGCCTG
6 13 101 1 GCTGGAGAG AGG 22 Detectable used
ATCCAGGGGCG
1 Chromosome 114428 11442945  140ACAGGGCG — CGG 18 Detectable  used
7 13 290 0 G
1 Chromosome 770687 GCTGAGGAGTG used;
8 13 41 77069631 ATCCCCAGC AGG 14 Detectable FISH
1 Chromosome 111149 11114911 CACCAGCACAG AGG 10 Non- used
9 13 086 2 CCTCAGTCA detectable
2 Chromosome 276230 AAGTGGGAATG Non-
0 13 66 27623224 AGTTGGAGG AGG 5 detectable  YS°d
2 Chromosome  geg7s2 271115 |CACACGGACA  \gg 20 Detectable  used
2 Chromosome 234709 5350521  CACCTCTCTCTT  NGG 25 Detectable  used
g Chm";gsome 504031 O 5044468 TTTAT%GGAGT NGG 28 Detectable  used
ﬁ Chromosome 44397, 405004 TCCTGgCCTGA NGG 30 Detectable  used
2 GCTCCTCGTCG
5 PPP1R2 - - ACATTCCCG CGG 1 DSBs
Other 2 AATTCTCAGAA
spacer 6 SPACA7 - - GGATCGCCA ~ 1°C 1 DSBs
2 Scrambled TTCCGCGTTAC I
7 element - ATAACTTA NGG - Background validation
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