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Main Text
Abstract

Retrons are bacterial genetic elements involved in anti-phage defense. They have the
unique ability to reverse transcribe RNA into multicopy single-stranded DNA (msDNA) that
remains covalently linked to their template RNA. Retrons coupled with CRISPR-Cas9 in yeast
have been shown to improve editing efficiency of precise genome editing via homology-
directed repair (HDR). HDR editing efficiency has been limited by challenges associated with
delivering extracellular donor DNA encoding the desired mutation. In this study, we tested the
ability of retrons to produce msDNA as donor DNA and facilitate HDR by tethering msDNA
to guide RNA in HEK293T and K562 cells. Through heterologous reconstitution of retrons
from multiple bacterial species with the CRISPR-Cas9 system, we demonstrated HDR rates of
up to 11.3%. Overall, our findings represent the first step in extending retron-based precise
gene editing to human cells.
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Introduction

Precise genome editing is a promising tool for identifying causal genetic variants and
their function, generating disease models, performing gene therapy, among other applications
1.2, Traditionally, precise genome editing with scarless replacement of alleles or insertion of
synthetic sequences requires in vitro delivery of DNA donors. However, it has proven
challenging to induce cells to utilize donor DNA to conduct homology-directed repair (HDR),
resulting in non-homologous end joining (NHEJ) repair, which is error-prone 3. To date, the
most efficient donor delivery systems are in vitro synthetic DNA and viral vectors *3. Synthetic
DNA donors are delivered to cells directly via electroporation or by packaging them into
particles without specifically targeting the nucleus, while viral vectors such as adeno-
associated virus (AAV) are transduced to enter the nucleus . In both in vitro synthetic DNA
and viral vector donor delivery, the donors are non-renewable after delivery and are depleted
over time, decreasing editing after cell division in mitotic progeny. In addition, neither method
scales well for multiplexed editing, which requires specific guide and donor combinations that
can only happen by chance with bulk delivery. Finally, synthetic DNA and viral vector donor
delivery is limited by cost and labor when scaling up for screening through tens of thousands
of individual variants. Therefore, a biological solution enabling in nucleo donor generation
would fundamentally improve the scalability and multiplexing capabilities for genomic knock-
ins.

Retrons have been studied since the 1970s as bacterial genetic elements that encode
unique features % !°) one of which is the production of multicopy single-stranded DNA
(msDNA), which has been biochemically purified from retron-expressing cells !'. The minimal
retron element consists of a contiguous cassette that encodes an RNA (msr-msd) and a reverse
transcriptase (RT) which can reverse transcribe the msd into msDNA that is covalently tethered
to its template RNA. Retron sequences are diverse among bacterial species but share similar
RNA secondary structures °. The RT recognizes the secondary structure of retron RNA hairpin
loops in the msr region and subsequently initiates reverse transcription branching off of the
guanosine residue flanking the self-annealed double-stranded DNA priming region !> '3, This
process has two properties that differentiate retrons from typical viral reverse transcriptases
commonly used in biotechnology °. First, the RT targets only the msr-msd from the same retron
as its RNA template, providing specificity that may be useful for avoiding off-target reverse
transcription '2. Second, the RNA template self-anneals intramolecularly in cis rather than
requiring primers in trans to increase efficiency. Combining these two features allows cell-
autonomous production of specific single-stranded donor DNA in the nucleus, circumventing
the need for external donor delivery through chemical methods or viral vectors. Therefore,
when coupled with targeted nucleases, retrons are promising biological sources for generating
DNA donors for template-mediated precise genome editing.

We have previously demonstrated that retron-derived msDNA can facilitate template-
mediated precise genome editing in yeast '4. Cas9-Retron precISe Parallel Editing via
homologY (CRISPEY) utilizes retrons to produce donor DNA molecules and vastly improves
HDR editing efficiency to ~96%, allowing for the characterization of the fitness effects of over
16,000 natural genetic variants at single-base resolution. A similar strategy utilizing Cas9,
retrons, and single-stranded DNA binding proteins has been demonstrated in bacteria !°, in
which msDNA can be incorporated into the bacterial genome without the aid of targeted
nucleases '6. Importantly, a previous study in mouse 3T3 cells provided evidence that msDNA
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can be produced in mammalian cells at very low amounts !”. Hence, we envisioned that retron-
generated msDNA could be harnessed for precise gene editing in human cells (Figure 1A).

Materials and Methods
All plasmid, retron, and oligo sequences are provided in the Supplemental Information.
Retron Plasmids

DNA sequences for retrons, primers, and plasmids used in this study are listed in the
Supplemental Information. Genes encoding SpCas9 and BFP were obtained from previously
reported plasmids (Addgene plasmid # 64323, #64216, #64322, Ralf Kiihn lab '¥; mCherry was
amplified from Addgene plasmid # 60954, Jonathan Weissman lab !°). Retron genes were
synthesized as gBlocks Gene Fragments (Integrated DNA Technologies) or clonal genes
(Twist Bioscience). GFP donor genes were synthesized as gBlocks Gene Fragments (Integrated
DNA Technologies). Primers and gRNA were synthesized as oligos (Integrated DNA
Technologies). The parental vector (Addgene plasmid # 64323, Ralf Kiihn’s lab) was digested
by restriction endonucleases (New England Biolabs). The digested vector backbone was
purified using Monarch DNA Gel Extraction Kit (New England Biolabs) or NucleoSpin Gel
and PCR Clean-up Kit (Macherey-Nagel). gRNA targeting BFP (gBFP) was inserted with
Golden Gate cloning. PCR was performed using Q5 High-Fidelity DNA Polymerase or Q5
High-Fidelity 2X Master mix (New England Biolabs). PCR products were purified using
Monarch PCR & DNA Cleanup Kit (New England Biolabs). RT, msr-msd, and donors were
inserted into the digested vector backbone with Gibson Assembly using NEBuilder HiFi DNA
Assembly Master Mix (New England Biolabs). Donors were replaced via double digestion by
Spel and Avrll (New England Biolabs). Plasmids were amplified using Stbl3 competent cells
prepared with The Mix & Go! E. coli Transformation Kit and Buffer Set (Zymo Research) and
extracted by the Plasmid Plus Midi Kit (Qiagen) following the manufacturer's protocol.
Extracted plasmids were measured by Nanodrop (Thermo Fisher Scientific), normalized to the
same concentration, and subsequently validated by Sanger sequencing.

Cell lines and culture

HEK293T BFP and K562 BFP reporter cells were provided by Dr. Jacob Corn (ETH
Ziirich) and Dr. Christopher D Richardson (UCSB). K562 wildtype cells were provided by Dr.
Stanley Qi’s group (Stanford). HEK293T wildtype and HEK293T BFP reporter cells were
maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) with GlutaMax (Thermo Fisher
Scientific) supplemented with 10% v/v fetal bovine serum (FBS) (Gibco) and 10% penicillin-
streptomycin (Thermo Fisher Scientific). K562 wildtype and K562 BFP reporter cells were
maintained in PRMI 1640 (Thermo Fisher Scientific) supplemented with 10% v/v FBS (Gibco)
and 10% penicillin-streptomycin (Thermo Fisher Scientific). All cells were maintained at 37°C
with 5% CO2.

Transfection

All dilutions and complex formations used Opti-MEM Reduced Serum Medium
(Thermo Fisher Scientific). For transfection of one well in a 48-well Poly-D-Lysine coated
plate (Corning), 1 pg plasmids were mixed with transfection reagents using Lipofectamine
3000 (Life Technologies) according to the manufacturer's protocol with the following
modifications: after incubating for 30 minutes at room temperature, the DNA-reagent complex
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was added to each well; then 200,000 HEK293T BFP reporter cells in 200 pL DMEM media
were added into each well and mixed gently with the DNA-transfection reagents.

The Neon™ Transfection System 10 pL kit (Thermo Fisher Scientific) was used to
transfect K562 and K562 BFP reporter cells according to the manufacturer's protocol. Cells
were washed in Dulbecco's phosphate-buffered saline (DPBS) (Thermo Fisher Scientific),
transfected with 1 pg plasmids at 1050v/20ms/2 pulses and cultured in a 24-well Nunc cell
culture plate (Thermo Fisher Scientific) at the density of 200,000/well in PRMI 1640 (Thermo
Fisher Scientific) supplemented with 10% FBS (Gibco).

qPCR

gPCR assay was performed 72 hours post-transfection. K562 cells were spun down at
1,000 rpm for 5 mins. Then, cell pellets were washed in DPBS. Cell pellets were harvested
after being spun down again at 1,000 rpm for 5 mins. The gRNA-msDNA hybrid was extracted
with the QuickExtract RNA Extraction Solution (Lucigen) according to the manufacturer’s
protocol. The extract was digested using double-stranded DNase (Thermo Fisher Scientific).
The digested product was purified by using the ssDNA/RNA Clean & Concentrator Kit (Zymo
Research). The purified product was then used as the qPCR template. qPCR primers are listed
in Supplemental Note 1. The qPCR assay was carried out using iQ SYBR Green Supermix
(Bio-Rad). qPCR data was collected on the CFX384 Touch™ Real-Time PCR Detection
System (Bio-Rad). We performed a sequential 10x dilution and used this ssDNA as a
measurement standard to generate a series of positive signals, which reflected the slope of log-
linear regions in a qPCR assay (Supplemental Figure 1).

Flow cytometry

293T BFP and K562 BFP reporter cells were washed in DPBS (Thermo Fisher
Scientific), resuspended in DPBS (Thermo Fisher Scientific), supplemented with 5% v/v FBS
(Gibco) at a concentration of 1,000,000 cells/mL, and measured via flow cytometry.
Transfected cells were isolated by using a red fluorescence protein mCherry, which was co-
expressed with Cas9 and RT. Editing outcomes were recorded 72 hours, 96 hours and 7 days
post-transfection or electroporation on an Attune NxT flow cytometer (Invitrogen). For 293T
BFP reporter cells, data at 72 hours are presented in the figures. For K562 BFP reporter cells,
data at 96 hours are presented in the figures. All plots were analyzed using FlowJo v 10.7.1.

Results
Retrons produce msDNA in human cells

To implement the CRISPEY strategy in human cells, we first tested whether msDNA
can be produced in human cells. To maximize the chance of msDNA production, we estimated
the expression of multiple candidate retrons. To date, hundreds of putative retrons have been
characterized by computational analyses, among which 16 were experimentally validated to
produce msDNA via in vitro assays °. We codon-optimized eight fully annotated RTs with
publically available protein sequences and synthesized the corresponding retron RNA to enable
heterologous expression in human cells (Table 1, Supplemental Table 1 and Supplemental Note
1). Since the biosynthesis of msDNA requires both msr-msd and RT, we combined the
sequences of msr-msd and RT with SpCas9/sgRNA into a single multicistronic vector. We
drove the transcription of the chimeric sgRNA-msr-msd by the RNA polymerase III promoter


https://doi.org/10.1101/2021.03.29.437260
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.29.437260; this version posted March 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

U6 and embedded the donor DNA templates in the replaceable regions within msd sequences
(Figure 1B). To measure the total free gRNA-msDNA product, we utilized a gRNA targeting
mouse gene Rosa26 and re-constructed the CRISPR-Cas9 vectors that were established in Chu
et al. '8 (See Materials and Methods). We drove the co-expression of RT and SpCas9 by the
CBh promoter, an RNA polymerase Il promoter that provides robust and long-term expression
20, We engineered Cas9-RT fusion proteins to test whether spatial colocalization of these
proteins improved their editing efficiency. In parallel, we employed the 2A self-cleaving
peptide-based multi-gene expression system to co-express Cas9 and RT 2! in case the functions
of Cas9 and/or RT were impeded by steric hindrance.

To test whether retrons can generate msDNA in human cells, we transfected the
multicistronic plasmids into human K562 cells and measured msDNA by gqPCR. Since
bacterial retron products are normally absent in human cells, we synthesized a single-stranded
DNA (ssDNA) as the standard template, which is the same as the DNA donor template inserted
into the plasmids (Supplemental Note 1). A summary of retrons that generated msDNA in
K562 cells are summarized in Table S1. Collectively, of the eight retrons, Sal63 showed the
highest msDNA production activity under the conditions tested (Figure 1C). While several
other retrons had higher msDNA production than retron Ec86, we previously validated retron
Ec86-mediated CRISPEY in yeast '4. These studies and our results suggested that both Sal163
and Ec86 possessed the potential to be explored as tools for precise gene editing and were
selected for further study.

Retron Ec86 and Sa163 enable HDR in both suspension and adherent human cell lines

To test if retrons can promote HDR, we used the reporter cell lines previously described
in Richardson et al. 2 that used BFP-to-GFP conversions as editing readout. When HDR
occurs, a three-nucleotide substitution converts the integrated BFP reporter into GFP (Figure
2A). We co-expressed the red fluorescence protein mCherry with Cas9 and RT in the reporter
line and used the multicistronic retron plasmid to generate donors to convert BFP to GFP
(Figure 2B). After inducing edits for each retron, we isolated transfected cells by flow
cytometry to evaluate HDR. We used the BFP-GFP donor template to convert the protein
expression from BFP to GFP. In K562 BFP reporter cells, controls without retron components
had the baseline level of HDR at only 0.054% HDR events, whereas Ec86 had the highest level
of HDR at 11.3% HDR events (Figure 2C). Sal63, the retron with the highest level of msDNA
production (Figure 1C), had lower levels of HDR at 4.28% HDR events (Figure 2C).

Since previous studies have shown that DNA donor length and strand type (e.g., target
vs. non-target) influence editing 22, we tested three pairs of gRNA target- and non-target-strand
donor templates (Supplemental Figure 2B). In general, higher HDR rates were detected when
using donors that were complementary to the non-target strand (Supplemental Figure 2C-2E),
which was consistent with previous studies showing that Cas9 first releases the non-target
strand after cleavage ?2. Although free Sal63 seemed to produce more than twofold msDNA
than Cas9-Sal63 RT fusion (Cas9-2A-Sal63 vs. Cas9-Sal63, Figure 1C), HDR editing by
Cas9-Sal63 fusion was 3.3-fold higher (gBFP-An+Cas9-Sal63 vs. gBFP-An+Cas9-2A-Sal63
=4.28% : 1.29% , Supplemental Figure 2D). Having Sal63 RT fused to Cas9 may increase
HDR by producing msDNA in the vicinity of the double-strand breaks (DSBs), even though
the free Sal163 RT can produce more msDNAs that are globally distributed in the nucleus.
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Notably, regardless of which retron was co-expressed with gRNA-Cas9 and which
DNA template was used, CRISPR-Cas9 cutting efficiency in human cells was comparable to
gRNA-Cas9 alone (Figure 2C, Supplemental Figure 2D and 2E). This finding suggests that our
gRNA-msDNA hybrid did not severely impact the gRNA recognition and that our Cas9-RT
fusion protein did not suppress Cas9 activity of DNA cleavage. Taken together, our findings
indicated that retrons Ec86 and Sal63 can facilitate HDR in both K562 and HEK293T cells
(Supplemental Figure 2C-2E).

Discussion

Retrons are unique bacterial DNA elements that are capable of generating msDNA in
vivo through reverse transcription. Recently, two independent groups have reported the role of
retrons in antiphage defense in prokaryotes 2% 24, We hypothesized that retron-generated
msDNA could be utilized to generate repair templates for precise genome editing in human
cells. Here, we showed that: (1) retrons from different bacterial species have a wide range of
RT activity in human cells and (2) simultaneous expression of retron RT with a hybrid retron
RNA/sgRNA transcript can facilitate precise editing in HEK293 and K562 cells. Building on
our previous study of retron Ec86 in yeast '4, our results suggest that both retron Ec86 and
Sal63 may enable precise gene editing in human cells.

Increasing the supply of donor template at the editing site has been shown to improve
the efficiency of HDR repair in yeast and mammalian cells 2% 2, The CRISPEY gRNA-retron
design allows the sgRNA and msDNA to be covalently linked, which is intended to make the
donor template immediately available for HDR repair at Cas9-induced DSBs. Further
improvement of the retron RT processivity may generate more gRNA/msDNA hybrids
available for recruitment or simply increase the donor template concentration in the nucleus to
increase the probability of HDR over NHEJ. Similarly, the retron RNA scaffold can also be
engineered to provide increased affinity for RT binding or activity. Both the retron RT and
retron RNA can be engineered through directed evolution or knowledge-based enzyme variant
design, such as that seen with group II intron RTs %7

We have explored several experimentally validated retrons for msDNA production.
Notably, Sal63 generated the most msDNA in K562 cells, as measured by qPCR (Figure 1C).
However, Sal63 had a lower HDR rate when compared to Ec86 in the BFP-GFP reporter
(Supplemental Figure 2C). This discrepancy between donor abundance and HDR rate raises
the question of whether higher donor concentration increases HDR editing. One possible
explanation for this discrepancy is post-transfection cell toxicity that may occur with high
retron activity, as suggested by decreasing expression of mCherry in the cell population over
time (not shown). Although Sal63 produced more msDNA, the increased toxicity may be
contributing to reduced cellular viability in cells with higher RT and msDNA expression,
resulting in fewer HDR-edited cells. Therefore, future work may survey retron species for
efficient generation of msDNA with lower toxicity, which may also improve CRISPEY editing
efficiency without the necessity of engineering of RT and retron RNA.

Many potential avenues exist for further optimization of CRISPEY in humans or other
species. For example, single-strand annealing proteins (SSAPs) have been shown as effector
proteins to improve retron-mediated editing in bacteria ' 128, More recently, there is evidence
that SSAPs also improve efficiency of Cas9-mediated knock-ins in human cells ?°. It is thus
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tempting to speculate that co-expression of SSAP may further improve CRISPEY editing
efficiency.

Recent advances in base editors ***? and prime editors 3* have led to highly efficient

editing rates. However, these methods are limited to short genetic alterations. In contrast,
CRISPEY can efficiently insert gene-length fragments (e.g., GFP) in yeast '4. This approach
may expand the length of potential knock-ins in human cells by circumventing the need to
deliver long donor DNA molecules.

Beyond precise gene editing, there are other promising applications of retron activity
in human cells for generating ssSDNA. Generation of ssDNA is of great interest due to its use
in biotechnology (e.g., DNA origami) **, genome modification (e.g., intrachromosomal
recombination) ¥, and generation single stranded oligonucleotides that can fold into 3D
structures that bind target molecules (i.e., aptamers) 3% 37,

Conclusion

In this study, we harnessed the capability of retrons to generate intracellular gRNA-
msDNA hybrid molecules and repurposed the products for CRISPR-Cas9-mediated,
homology-directed repair in human cells. We presented a precise genome editing method that
provides unique advantages in donor delivery, especially for repair templates that are difficult
to deliver via conventional approaches. With further optimization, the msDNA generated by
retrons has vast potential in precise gene editing and other biotechnology applications.
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Figure Legends

Figure 1. Retrons produce msDNA in human cells. (A) Schematic of our strategy to deploy
retrons to generate gRNA-msDNA hybrids as intracellular donors. (B) Schematic showing
construct design for the qPCR assay: guide RNA and msr-msd expression was driven by the
human U6 promoter; human codon—optimized RT and SpCas9 expression was driven by the
CBh promoter; donor templates were inserted into the replaceable regions of msd. T2A, P2A:

10
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self-cleaving peptides. (C) Relative abundance of msDNA produced by different retrons. DNA
amplified from the same volume of OBZ206 ssDNA at 1 x 10”7 ng/uL was set as one-fold to
calculate the relative abundance. Data presented as mean =+ s.d. (n=2 experiments). NTC: non-
transfected control. Cas9 only: cells transfected with the plasmid without gRNA or any retron.
gRNA+Cas9: cells transfected with the plasmid expressing both gRNA and Cas9. w/o
msr/msd: cells transfected with plasmid that co-express gRNA, Cas9 and RT, but no msr/msd
was inserted. Other labels in the X axis indicate cells transfected with plasmids that carry
different retron sequences.

Figure 2. Retrons enable HDR in K562 and 293T BFP reporter cells. (A) Schematic
showing the principle of BFP reporter cell line, adapted from Richardson et al. ?? (Figure 3a).
(B) Schematic of plasmid design. (C) BFP-GFP scatter plots showing retron-enabled HDR rate
detected in K562 BFP reporter cells by flow cytometry. Two replicate experiments are shown,

rl: replicate 1; 12: replicate 2.

Table 1. Summary of retrons used in this study

Adapted from Simon et al. °. Sequences are shown in Supplemental Note 1.

Retron | Species Bacterial taxon | Reference Source
Sal63 Stigmatella Deltaproteobact | Yee et al. 1984 NCBI  Reference
aurantiaca eria Sequence:
ZP 01463804.1
Ec86 Escherichia coli Gammaproteoba | Lim & Maas 1989 | Uniprot: P23070
cteria
Mx65 Myxococcus Deltaproteobact | Inouye et al. 1990 Uniprot: P23071
xanthus eria
Mx162 | Myxococcus Deltaproteobact | Yee et al. 1984 Uniprot: P23072
xanthus eria
Ec73 Escherichia coli Gammaproteoba | Sun et al. 1991 Uniprot: Q7M2A9
cteria
Ec107 Escherichia coli Gammaproteoba | Herzer et al. 1992 | Uniprot: Q05804
cteria
St85 Salmonella enterica | Gammaproteoba | Ahmed & | GenBank:
Typhimurium cteria Shimamoto 2003 ACY91017.1
Ec67 Escherichia coli Gammaproteoba | Lampson et al. 1989 | Uniprot: P21325
cteria

11



https://doi.org/10.1101/2021.03.29.437260
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.29.437260; this version posted March 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 1

A

msr/msd

w/donor
i \ Cas9
o 5- gRNA-msr/msd w/donor RNA -3’
gRNA ¥ RT
v 3, ,\A— 5,

Cas9 mRNA _ RTmRNA

* Translation *

msr/msd

w/donor Cas9 Cas9

[ i protein
gRNA RT
3 gRNA-donor ssDNA

Reverse transcription

Cas9

Ribonucleoprotein
5-gRNA formation

7/

5’- ssDNA
gRNA-donor ssDNA hybrid

gRNA and ssDNA are
covalently linked at the 3"end 3’

B
——
gRNA+Cas9 l@ gRosa26 @
msr-msd
+ -
gRNA_donor+Cas9-RT .@ gRosa26 | 7L @
gRNA donor+Cas9-2A-RT gRosa26 UEIRITES
w/ donor
3000
3
c 2500
S
c 2000
2
o 1500
o
.= 1000
-—
©
O 500
o
0
o 5 b A o P 9 A > > > > A O
FLEEEL SIS LS F o «\@e o & * IS SIS
'15;00'2;éb @,gb'%gftf %ﬂy O"”&o&q éﬁ Wvﬁo”gd‘g ol @g \0@ \o& \o&% < o* \o&e N C’q} \© 6‘19\
of (S ¥ qus&«\«\&@ N
& Sy S & OGO E S S

P & s o <<,° &
o & & &
° o F


BinZhao
Figure 1 

https://doi.org/10.1101/2021.03.29.437260
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.29.437260; this version posted March 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure 2

A

>f\\RNA donor e
5 ACC CAT GGC 3’ BFP

HDR

5 ACG TAC GGC 3’ GFP

T
w/ donor
w/ donor

10° {07
< ‘ < < < 4 <
o o a 10 a 10 o
[TH [Th [Th [TH [Th
[ o [ [ ; o
HH HH HH HH 3 HH
< < < < % <
S : S s L 3 L0 S
> 10 jG:P‘- BFP- 0, > 10 -G;P- BFP- 0, > 1073 Grp-, Brp- 0, > 10773, 0 > ¥ 0
04 209 0% 04 246 0.040% 04 838 0.054% 0 4.28% 11.3%
:) ' ‘I104 ‘;05 10 :J ' ‘;04 ;05 10é .0 ‘ ‘;04 ‘;05 1CIé :) ' ‘I104 ‘;05 10 :J ' ‘;04 ;05 10é
BL1-A :: GFP-A BL1-A :: GFP-A BL1-A :: GFP-A BL1-A :: GFP-A BL1-A :: GFP-A
gBFP_An gBFP_An
- - + -
NTC-r1 Cas9 only-r1 gBFP+Cas9-r1 +C2as9-Sa163-r1 +Cas9-Ec86-r1
10° GF;gFN GI:JP+ 10° GFI;ggFPe' %:P; 10° <GFF1';2FP+ gz:; 10° GFPS 151pr (?:?
< < < < <
o o a 103 : o o
[T [T [T R [T L
m o o o o
B B B P P
s 102{ * s 102 s 1024 - s s 10 &
04 Gl 0% I Rty 0.15% 01w | 0.071% 4.26% o 10.6%
:J ' ’;04 ;05 10d .01 ’;04 ‘;05 ’IO6 -0 ‘ ;04 ';05 106 0 ' ;04 ’;05 106 :) ' ‘;04 ’;05 10
BL1-A :: GFP-A BL1-A:: GFP-A BL1-A :: GFP-A BL1-A :: GFP-A BL1-A :: GFP-A
gBFP_An gBFP_An
NTC-r2 Cas9 only-r2 gBFP+Cas9-r2

+Cas9-Sa163-r2 +Cas9-Ec86-r2


BinZhao
Figure 2 

https://doi.org/10.1101/2021.03.29.437260
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.29.437260; this version posted March 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Supplemental Figure 1

OBZ206

w
o
)

Plateau phase

Y

N
(S}
1

N
o
1

linear-log phase

Y

gPCR cycle

Baseline

0 5 10 15 20 25 30
r@'\ \Qﬂ/ \Q:b \Qy \Qfo '9'% \Q:\
Cycle number NS S N A A N

ng/uL

Fluorescence

(¢,
1

o



BinZhao
Supplemental Figure 1 

https://doi.org/10.1101/2021.03.29.437260
http://creativecommons.org/licenses/by-nc-nd/4.0/

Supplemental Figure 2

A

1.0M 5

800K +

600K =

SSC-A

NTC

400K 4

200K 4

Sa163

SSC-A

200K 400K 600K 800K 1.0M

FSC-A

0 200K 400K 600K 800K 1.0M

FSC-A

1.0M o
800K +

600K

Ec86

SSC-A

0 200K 400K 600K 800K 1.0M

FSC-A

!

SSC-H

SSC-H

SSC-H

1.0M 1

800K -

600K 1

400K -

200K 1
Single Cells
97.1

T T T T T
0 200K 400K 600K 800K 1.0M

SSC-A

1.0M -
800K -
600K 1
400K

200K =
Single Cells
97.1

T T T T T
0 200K 400K 600K 800K 1.0M

SSC-A

1.0M 9
800K 4
600K -
400K -

200K |
Single Cells
9.5

T T T T T
0 200K 400K 600K 800K 1.0M

SSC-A

Count

Count

Count

2ok 4 mCherry-A subset
039
3.0
2.0K
1.0K o
0 T T T T
10° 10t 10° 10°

0
YL2-A :: mCherry-A

mCherry-A subset
59.8
800

600 =
400 -

200 4

0
YL2-A :: mCherry-A

800 %mcherry&;/; subset

600 =

400

200 4

0
YL2-A :: mCherry-A

VL1-A :: BFP-A VL1-A :: BFP-A

VL1-A :: BFP-A

10° JGFP-BFP+ GFP+
97.9 0
1024 ¥
4 GFP-, BFP-
03 209
T i T r
0 10* 10° 10
BL1-A :: GFP-A
GFP+
4.28

GFP-, BFP-
89.1

0 104 105 10

BL1-A:: GFP-A



BinZhao
NTC

BinZhao
Sa163

BinZhao
Ec86

BinZhao
Supplemental Figure 2 

BinZhao
A

BinZhao

BinZhao

BinZhao

BinZhao

BinZhao

BinZhao

BinZhao

BinZhao

BinZhao

https://doi.org/10.1101/2021.03.29.437260
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.29.437260; this version posted March 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Supplemental Figure 2 (continued)
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