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Abstract: Genome editing has become a vital tool in medical biology research. The critical mission of facilitating the progress of

genome editing is to enrich different genes into positive edited cells quickly and effectively and carry out the targeted research. In

recent years, researchers have established various reporter systems for selection and enrichment of editing-induced positive cells,

which are based on genome repair mechanisms, such as non-homologous end joining, homology-directed repair, single strand

annealing and inversion, and the principle of the expression of fluorescent protein or resistance tag after genome repair. The T7E1

assay or sequencing method can analyze the mutation of enriched cells with the results of lower background signals and higher

mutation ratio. Therefore, these reporter systems can profit the characterization of genome editing effectiveness. Besides, positive

cells can be cultured continuously, so this technology possesses a promising prospect in mutated cell line construction and the

research of mutated cell functions. This article summarized the design principles and applications of these reporter systems and would

provide a reference to construct a more perfecte evaluating system for genome editing.
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1 Introduction

Genetic engineering started when monkey virus SV40 and
E. coli bacteriophage ADNA spliced into a loop for the first
time''!. Subsequently, the discovery and research of genome
repair mechanisms such as homologous recombination (HR),
non-homologous end joining (NHEJ), and endonucleases
provided a theoretical basis for modern genome editing
technology™™!. In recent years, researchers have found some
nucleases based on long sequence recognition, such as

[4-7]
meganuclease

or homing endonuclease, zinc finger
nucleases (ZFNs)® ', transcription activator-like effector
nucleases (TALENs)"* ") structure-guided nucleases (SGN)''*
and clustered regularly interspaced short palindromic repeats

associated protein Cas9 (CRISPR/Cas9)""* . These nucleases
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can accurately recognize the target sequence and induce
double-strand break (DSB), and then through homology-
directed repair (HDR)™! or NHEJ”* and other mechanisms to
edit the target sequence. Genome editing technology has been
applied in various fields, such as the establishment of disease

[29]

models”* " gene therapy"”, and gene screening”” through

different transfection techniques, such as liposomes,
electroporation, viral packaging, and transmembrane
peptides™. However, the off-target effects inherent in

B2 may induce side effects such as

genome editing tools
non-target editing, erroneous phenotypes, or lethality in
practical applications. The T7El digestion test and the
amplicon sequencing analysis of the target fragment can only
reflect local off-target effects, so deep sequencing™! for the

whole genome can be able to evaluate off-target effects
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reasonably. In terms of reducing off-target effects, LNA-
replaced””, chemically synthesized base-substituted sgRNAs
such as 2’-F, 2’-O-methyl, 2’-O-methyl-3’-phosphorothioate and
2’-O-methyl-3’-thiophosphonoacetate”>* significantly reduced
the off-target effect of Cas9 and improved editing efficiency;
the amino acid sequence in Cas9 protein was replaced to
generate a mutant, called Cas9x, with more specificity or
wider recognition range”.

Different cell lines, loci, and genome editing tools will
significantly affect editing efficiency, resulting in fewer
genome editing positive cells, and a large number of wild-type
Although

sequencing can resolve mutant

cells will interfere in mutation analysis.
high-throughput deep
sequences, the cost is high, data analysis is relatively difficult,
and subsequent cell culture studies cannot be performed. In
general, the T7E1 digestion test can be used as an early
evaluation scheme for DNA level editing efficiency to screen
optimal reaction system. However, to continue studying living

cells with mutated genomes, a method that can enrich positive

cells intuitively, quickly, and efficiently is needed. Currently,
genome-editing tools are used to target exogenous target
genes integrated with fluorescent proteins (such as mRFP,
mCherry, DsRed, AsRED and eGFP) or resistance proteins
(such as anti-puromycin and anti-hygromycin). Relevant
methods to characterize genome editing positive results by
using functional mechanisms such as HDR, NHEJ, single-
strand annealing (SSA)m], and inversion rearrangement to
induce reading frame shifts for achieving functional protein
expression were successively reported. Subsequent efficient
enrichment of genome editing-positive cells was
accomplished employing fluorescence-activated cell sorting
(FACS) or resistance screening, which has the advantages of
strong versatility, rapid detection, and simple analysis. These
systems have been applied to validation of various genome-
editing tools (Table 1). This article reviews the reporter
systems based on the four-genome repair mechanisms (NHEJ,
SSA, HDR and inversion rearrangement) and their applications
in genome editing positive cell sorting and enrichment.

Table 1 Comparison of reporter systems for enrichment

Name Name Mechanism Site Tool Fold/Ratio References
pRTG Fluorescence-fluorescence NHEJ* TP53 ZFN 5%* 13°, 20° [39]
pRTGG Fluorescence-fluorescence NHEJ* BMP1 Cas9 9.4%" 18°,7.4° [40]
FI3Al Cas9 8.2%°, 7.8", 10°
PPPIRIB Cas9 7.8%, 4.6°, 4.3°
pRTKG Fluorescence-magnetism NHEJ* CCRS ZFN 12°21° [41]
TP53 ZFN 17°
CDS81 ZFN 17°
BRCAI TALEN 17°
pRTHG Fluorescence-resistance NHEJ* CCRS ZFN 16° 8.5 [41]
BRCALI TALEN 15°
LD Resistance integration NHEJ* HSPAIA Cas9 5.5° [42]
HSPA1B Cas9 6.1°
HSPAIL Cas9 3.4°
HSPAG6 Cas9 6.6°
pRGZG Fluorescence-fluorescence SSA* MSTN ZFN 18.33%" [43]
C-Check Fluorescence-fluorescence SSA* IAPP TALEN 80%", 2.99%" [44]
MAPT Cas9 10%-20%"
SORLI1 Cas9 >15%"
IGFIR Cas9 97.9%*
CBX5 Cas9 86.9%"
pSCR Fluorescence-fluorescence SSA* DAZL Cas9 24.79%", 4° [45]
PLZF Cas9 54.32%"
ACR Cas9 40.49%"
pSSA-RPG Dual-fluorescence-resistance SSA* AAVSI1 Cas9 34.8° 21.1° [46]
CCR2 Cas9 13.18°, 34.6°
CCR5a Cas9 123-13.2% 11.2-18.1°
CCR5b Cas9 6.3° 11.8°
CCRS5 ZFN 27.7734.21’, 14.9-18.8°
Rep/Don Fluorescence-resistance SSA+HDR* CCRS Cas9 34.09%* [47]
Lnc-sscg3623 Cas9 18.18%°
pdT Fluorescence NHEJ* AAVSI1 Cas9 26.3%-56.1%" [48]
PTV Fluorescence-resistance HDR? NFE2L2 Cas9 8%—15%", 2—4° [49]
AICF Cas9 2.98
RBM47 Cas9 1.4°
NFE2L2 Cas9 1.49°
iGFP Fluorescence Inversion” GFP Cas9 19.5%-27.7%" [50]

Note: * means Exogenous; # means Endogenous; a means FACS; b means T7EI assay; ¢ means Sanger sequencing; d means amplicon analysis.
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2 Genome repair mechanisms

ZFN or TALEN causes 5’ sticky ends on the double strands
of the target gene through Fok I, while Cas9 relies on its two
internal cleavage domains, RuvC and HNH, to generate a
blunt end between the third and fourth bases upstream of
PAMP". Both forms of DSB trigger genomic repair. NHEJ
usually results in base deletion, insertion or substitution
(Fig.1A) at the break site. NHEJ is an error-prone repair
method and is typically used for gene knockouts. NHEJ
restores gene expression by causing two DSBs at both ends of
a pathological insertion mutation””. Both HDR and SSA
belong to homologous recombination repair mechanisms
depending on homologous arm. When a donor containing
DSB upstream and downstream homologous sequences is
present, the break site can be accurately repaired based on the
donor sequence, which can reverse pathological mutations or
insert functional genes (Fig.1B). The triggering condition of
SSA is that DSB occurs in the space between a pair of long
direct repeat sequences. The cut is digested from the 5° end to
the 3’ end, and the complementary sequence at the 3’
protruding end is annealed to complete the repair (Fig.1C).
Chromosome inversion (Fig.1D) is associated with a variety

o . . [50
of genetic diseases and tumorigenesis "

, which mostly occurs
at the same time when both ends of a long sequence are

broken, and then the sequence direction is reversed by 180°.
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3 Intracellular free exogenous reporter system

The target sequence can be integrated into an exogenous
reporter plasmid based on different repair mechanisms. Then
the effect of genome editing can be characterized by the
expression of fluorescent or resistance proteins after the
co-transfection of both reporter and genome editing plasmids.

3.1 NHEJ based dual-fluorescence reporter system

In 2011, Kim er al.®! used exogenous reporter plasmids
encoding fluorescent proteins to indicate ZFNs and
TALENs-induced genome editing positive cells. The
functional structure of the dual-fluorescence reporter plasmid
(Fig.2) is mRFP-Target-eGFP (pRTG), where mRFP can be
used to reflect the evaluation of transfection efficiency. There
is a stop codon between the target and eGFP, which makes
eGFP unable to express normally. If ZFNs or TALENS induce
DSBs on the target without homologous donors, there is a
high probability that NHEJ repair will result in base deletion.
If the number of deletions is 3n + 1 (n > 0 and nEN), then
frameshift will occur downstream of the nick position, so that
eGFP is normally expressed. pRTG was transfected into
HEK293 cells with a ZFNs expression plasmid targeting TP53
gene. FACS obtained 5% mRFP" eGFP" cells. T7E1 digestion
test verified that the proportion of TP53 mutations in mRFP"
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Fig.l1 Four types of genome repair mechanism: A: Non-homologous end joining; B: Homology directed repair; C: Single strand annealing; D:

Inversion
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Fig.2 Principle of pRTG reporter system and cell selection

eGFP" cells was about 13 times higher than that of mRFP"
eGFP™ and mRFP™ eGFP cells. Sequencing confirmed that the
mutation ratio of mRFP" eGFP" cells was 20%. Besides, the
mutation ratios of human CCRS and mouse Thumbd3 genes
were 5.8-11 times and 92 times of that of unsorted cells,
respectively. This shows that pRTG system is feasible in
indicating and enriching genome editing positive cells.

In 2014, Kim et al."” used the pRTG plasmid as the basic
backbone, inserted an eGFP sequence after the original eGFP
sequence, and placed the newly inserted sequence outside the
open reading frame (ORF), thereby constructing a new dual-
fluorescence reporter plasmid (mRFP-Target-eGFP-eGFP,
pRTGG). Compared to a single eGFP sequence, a double
eGFP sequence can enter the ORF and be expressed with
greater probability. pRTGG was co-transfected with
CRISPR/Cas9 expression plasmid targeting BMP1, F13Al,
and PPPIRI1B into HEK293T cells, and were enriched to
9.4%, 8.2% and 7.8% of mRFP" eGFP" cells by FACS; T7E1
test showed mutation frequency of mRFP* eGFP" cells was 18,
7.8 and 4.6 times higher than that of negative cells.
Sequencing results showed that the mutation times were 7.4,
10, and 4.3 times, respectively. In 2018, they compared the
gene interference efficiency of Cas9n (D10A) and Cas9 by
using pRTGG™' and found that the targeted cleavage
efficiency of Cas9n that relied on a pair of nickase cleavage
enzymes was often higher than that of wild-type Cas9. This
discovery expanded the application of pRTG-related reporter
system.

Since the concept of an exogenous dual-fluorescence
reporter plasmid was proposed in 2011, Chinese scholars have
also done many researches on it. Wang ef al.”" used pRTG to

[39]

improve the enrichment efficiency of CRISPR/Cas 9-induced
pig BMP15 gene mutant cells. Gao er al”' inserted
puromycin resistance (Puro") gene downstream of eGFP
based on pRTG, and Cas9 was used to target TMEM215 gene
of HEK293T cells. Flow cytometry and puromycin screening
were used. These two methods could achieve a 2.75-fold
increase in mutation rate.

Although the reporter plasmids mentioned before can be
efficiently enriched for nuclease-induced mutation cells, there
are also some shortcomings in FACS, such as the dependence
of flow cytometry equipment and the interference of
fluorescent background between double fluorescent proteins.

3.2 NHEJ based fluorescence-magnetism and
fluorescence-resistance reporter system

To overcome the shortcomings of the dual fluorescent
reporter system, Kim ez al.*" designed two reporter plasmids
for magnetic screening and resistance screening based on
pRTG. The former introduces a truncated MHC class I
molecule, H-2K*, which is expressed only in rare mouse
germlines such as AKR/J or CBA/J and is not expressed in
human cells, so that it can be used as a highly specific
screening marker. The functional domain is mRFP-Target-
H-2K*-eGFP (pRTKG). The fusion protein of H-2K* and
eGFP will turn to be two independent proteins by T2A
self-cleaving. Using magnetic beads modified with H-2K*
antibody to separate transfected cells magnetically, positive
cells can be enriched with significantly increased mutation
ratio. For the resistance screening reporter plasmid
(mRFP-Target-Hygro-eGFP and pRTHG), the H-2K* gene
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was replaced with a hygromycin resistance gene (HygroR).
The positive rate of induced mutations on CCRS, TP53, CD&1,
BRCAL and other gene loci reached 10-20 times that of the
unsorted group.

Although the fluorescence-magnetism and fluorescence-
resistance reporter systems do not rely on FACS, the former
requires H-2K* antibody-modified magnetic beads, which are
expensive and have not been commonly commercialized.
Cells may exist acquired hygromycin resistance so that false-
positive results may occur.

3.3 NHEJ based linear donor reporter systems

Homologous recombination only occurs in G2 and S phases
of the cells, so the integration of exogenous double-stranded
DNA into the cell genome through the HDR mechanism is
very unlikely. Studies on ZFNs, TALENs, and CRISPR/Cas9
have shown that when a foreign plasmid or donor generates
DSB under the action of a nuclease, it will integrate into the
genome in a homologous recombination-independent
manner™. Zhou er al®? proposed an NHEJ-based linear
donor reporter system in 2016 (Fig.3). The linear donor (LD)
consists of 4 parts, with one or a pair of sgRNA recognition
sequences on 5° end or 5’ and 3’ ends. The central part is the
CMV-Puro® sequence, which is in the middle of two extension
sequences containing stop codons that block 6 ORFs. Also,
there is 20 bp at both ends of the outer side of this linear donor
as protection sequences. When Cas9 induces double-strand
breaks on the genome and donor targets, the donor will be
integrated into the cell genome and express puromycin
resistance protein, which can survive drug screening to
achieve enrichment.

LD simultaneously enriched HeLaOC cells that were knocked
out by four genes (HSPA1A, HSPA1B, HSPAI1L and HSPAG6).
T7E1 detected the mutation ratios of 64 loci in HSPAIA,
HSPAI1B, HSPAIL and HSPA genes were increased by 5.5,
6.1, 3.4 and 6.6 times, respectively. Different from the
previously reported linear donor-dependent HR integration
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Fig.3 Principle of linear donors'”!

strategies, this donor itself carries the CMV promoter, so there
is no need to integrate within the ORF of the gene of interest or
restore the ORF after integration. However, dual-site sgRNAs
may exacerbate the off-target effect, and the mechanism cannot
control the insertion direction of the donor, so the application
range of this linear reporter system is limited.

In summary, the advantage of the NHEJ based reporter
systems lies in the extremely simple design of the reporter
vectors. The open reading frame shifts by base deletion or
insertion after repair to achieve the reporter function. However,
the biggest limitation is that the number of deleted or inserted
bases must meet 3n + 1 or 3n + 2 (n > 0 and nEN), so other
forms of mutations cannot be accurately reflected.

3.4 SSA based dual-fluorescence reporting system

In 2014, Zhang et al'™' designed a dual fluorescence
reporter system (mMRFP-GFP,-target-ZFN-target-GFP gy,
PRGZG) coupled with a self-degrading ZFN expression
cassette. The downstream eGFP sequence was interrupted into
two segments of GFP.q and GFP,gy, and the 3’ and 5 ends of
the two shared a 200 bp direct repeat sequence. The expression
sequences of the left and right arms of the ZFN were inserted
into it, and the other two pairs of targets of the left and right
arms of the ZFN (Target) were placed upstream and downstream
of the ZFN expression cassette. When ZFN expresses, it not
only cuts the genomic target but also recognizes and cuts the
target on the reporter plasmid and triggers SSA repair,
recombining into a complete eGFP expression sequence. The
ZFN expression cassette will be digested so that ZFN
expression is terminated, and the effect of blocking the
continuous expression of ZFN and reducing cytotoxicity is
achieved. pRGZG enriched ZFN-induced MSTN-mutated
sheep fetal fibroblasts to 18.33% of mRFP™ eGFP" cells, and
compared with the control group, the cell viability decreased
by only about 20%, while that of normal transfected ZFN cells
decreased by about 40 %. It can be seen that the pRGZG
system can efficiently enrich genome editing positive cells
and reduce the cytotoxicity of ZFN to a certain extent.

Although the assembly platform of ZFN is relatively mature,
each zinc finger enzyme relies on the internal three amino acid
residues to recognize three bases, so it depends on the design
of upstream and downstream sequences, and its cytotoxicity is
still a issue that cannot be ignored”™”’. In contrast, CRISPR/
Cas9 technology only needs designing of sgRNA sequences
that are complementary to the target and can cooperate with
Cas9 protein to achieve the manipulation of the target gene'™",
which greatly simplifies the design steps before experiment. In
2016, Zhou et al.™ designed the C-Check reporter plasmid
based on the SSA repair mechanism (Fig.4). C-Check consists
of two expression cassettes, a pair of truncated eGFP
expression sequences used to trigger SSA repair, and an
ASRED expression sequence used to determine transfection



ZHANG Li-Xian et al. / Chinese Journal of Analytical Chemistry, 2020, 48(1): 1-12

1100 600  stop codon 100 600 700
'd N

i | ——— =t rorro ey
target site\
w TALENs

or
————
I

== CRSPR/Cas9

1 Precision DNA nuclease mediated cleavage

ssa N\ NHEJ

Fig.4 Principle of C-Check reporter system[44]

efficiency and establish standardization. eGFP was split into
two fragments of 1-600 bp and 100-720 bp, which
completely interfered with the fluorescence property. At the
same time, the two parts shared a 500 bp homology arm in
order to trigger SSA repair.

To verify the function of C-Check, TALEN targeted the
IAPP gene in the genome of HEK 293T cells. After FACS
sorting, ASRED" EGFP" cells accounted for about 80%, and
the control group was less than 10%. Among the more
difficult transfecting primary pig fibroblasts, a mutation rate
of 2.99% was detected by T7El, and Sanger sequencing
results showed 3.125% of the mutant target gene.
Cas9/sgRNA targeted the MAPT and SORLI1 genes in the
genome of HEK 293T cells, and FACS enriched to
11.7%—18.1% of the double-fluorescent positive cells, while
the control group was only 2.37% and 2.91%. So far, the
C-Check reporter system could enrich double-positive cells
that were clearly distinguished from the control group,
proving its high reporter performance. The researchers
co-transfected C-Check and IGFIR-targeted Cas9/sgRNA
expression plasmid into HEK293T cells. FACS sorted four
groups of double-positive cells from weak to strong based on
the EGFP fluorescence signal. Amplicon analysis showed that
the frequency of indels increased significantly with the
increase in EGFP fluorescence intensity (8.7%-97.9%),
indicating that IGFIR mutations induced by CRISPR/Cas9
were efficiently enriched. Similarly, the C-Check reporting
system also enriched 86.9% of CBXS5 mutant cells in the
cancer cell line MCF-7, with reduced mRNA levels and CBX
protein expression, further confirming that C-Check is a
highly efficient reporter system for editing positive cells.

Most of the above exogenous reporters plasmids need
co-transfection with nuclease-expressing plasmids, but the
proportion of the two components entering the cells is difficult
to assess. The CRISPR/Cas9 genome editing system originally
required co-transfection of Cas9 expression plasmid and
tracr/ctrRNA complex. Doudna and Charpentier chimerically

expressed crRNA:tracrRNAPY  as  single-guided RNA
(sgRNA), enabling Cas9/sgRNA to express within a single
plasmid, thereby increasing transfection efficiency. Therefore,
if the reporter system and Cas9/sgRNA expression plasmid
are co-encapsulated into a single expression system, the
enrichment efficiency of mutant cells may be improved. Liu et
al™ interrupted mCherry into two parts, each containing
about 300 bp of repeat sequences as SSA repair arms. sgRNA
targets were inserted in the middle, and then the mCherry
expression cassette was integrated into the Cas9/sgRNA
expression plasmid (sgRNA-mCherry-CRISPR, pSCR), in
which the copGFP was used to characterize transfection
efficiency. T7E1 detected mutation percentages of the three
target sites of the DAZL gene in copGFP" mCherry cells
were 24.79%, 12.26% and 17.18%, respectively, and the
mutation percentages increased by 1.87, 4.99 and 4.00 times,
respectively. Besides, the mutation enrichment rates of
double-copy sgRNA targeting PLZF and ACR genes of
murine melanoma B16 cells were up to 54.32% and 40.49%.
The advantage of the dual-fluorescence reporter system is
that one fluorescent protein is responsible for indicating
transfection efficiency, and another fluorescent protein is
of genome editing efficiency. Therefore,
enrichment analysis of cells that are positive for dual

indicative

fluorescence signals can simplify and expedite the study of
mutation types. However, the emission wavelengths of the
two fluorescent proteins overlap to a certain degree, and the
resulting non-specific background may interfere with FACS
sorting, leading to the collection of false double-positive cells,
so appropriate thresholds need to be drawn to distinguish.

3.5 SSA based fluorescence-resistance-fluorescence
reporter system

Ren et al” designed a new fluorescence-resistance-
fluorescence reporter plasmid pSSA-RPG (DsRed-Puro"-
eGFP). The Puro® gene is interrupted into two parts: upstream
(Puro"L) and downstream (Puro"R). The sgRNA recognition
site and PAM sequence are inserted in the middle. The 200 bp
direct repeat sequence shared between the 5 ‘end of Puro"L,
and the 3’ end of Puro"R is used as the SSA repair arm.
Downstream of PuroR, a T2A cleavage peptide sequence is
connected to the eGFP expression sequence, and the eGFP
sequence is outside the normal ORF because the puromycin
resistance gene sequence is interrupted. At this time, the cell
will display DsRed” eGFP™ Puro® . When DSB is produced on
the target, SSA repair is triggered, and Puro*L and Puro®R are
recombined into a complete puromycin resistance gene. Then
the OREF is reset for eGFP normally expressing, and the cells
show DsRed" eGFP" Puro®'. T7E1 detected the four sites of
AAVSI, CCR2, CCR5a, and CCR5Db in the genome of HEK
293T cells. The proportion of mutations at four sites in the
drug-screening group was 43.9%, 57.8%, 27.1% and 24.7%,
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respectively. The mutation times were 34.8, 13.8, 12.3 and 6.3
times, respectively. The sequencing results showed that the
mutation ratios were 86.6%, 72.7%, 30.8% and 45.0%,
respectively, and the mutation times were 21.1, 34.6, 18.1 and
11.8 times, respectively. After FACS enriched CCR5a mutant
cells with DsRed" eGFP', T7E1 detected 31.4% of the cells as
mutation-positive, with mutation times of 13.2. Sequencing
showed that the mutation ratio and mutation times were 23.5%
and 11.2 times, respectively.

In order to study whether the reporter system based on the
SSA was superior to the aforementioned NHEJ based reporter
system, the research team also designed the corresponding
reporter plasmid (pNHEJ-RPG), inserting a stop codon before
the complete Puro® and eGFP sequences. The principle is
consistent with the dual-fluorescence reporter plasmids
designed by Kim et al.P”*. The enrichment efficiency of
PSSA-RPG at the AAVSI site was 1.15—1.34 times higher than
that of pNHEJ-RPG, showing a small efficiency improvement.
However, analysis of the pSSA-RPG sequence revealed that
Puro"R had several ATG start codons, so the leakage of
downstream eGFP may occur during intracellular transcription,
leading to false-positive results. This may be the main
disadvantage of both double markers with Puro® and eGFP.

Recent studies have found that the probability of a single
allele being edited in the cell genome is significantly higher
than that of double alleles”™ °'
disease cell model construction, transgenic animal model
construction, and gene therapy, it is urgent to quickly screen
biallelic mutations. Therefore, Wu et al™*”? transformed
pSSA-RPG
plasmids (Rep/Don), as shown in Fig.5. One inserted the
(Rep/DonPG, Fig.5A) upstream and
downstream of the target in the genome in the upstream and

. However, in the field of
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downstream of the Puro"-eGFP expression cassette, and
another one replaced the reporting sequence inside the
homology arms on both sides with Zeo"-mRFP expression
cassette (Rep/DonZR, Fig.5B). When Cas9 cuts the genome
and the target of Rep/Don, SSA repair occurs within Rep/Don
to restore the expression of resistance and fluorescent proteins.
The outer homology arm mediates HDR, integrating Puro®-
eGFP or Zeo"-mRFP into the cell genome. Functional
fluorescent protein can be used as a primary screen to reflect
Cas9 cleavage activity, and then puro and zeo dual drug
screening can be used to enrich biallelic-modified cells
efficiently. The proportion of biallelic mutations in CCRS
locus of human HEK293T cells and Lnc-sscg3623 locus of
pig PK15 cells reached 34.09% and 18.18%, respectively, and
the biallelic mutation rate of Rep/DonPG or Rep/DonZR
single transfection control group was only 2.33%-6.81%, so
Rep/Don could be used as a highly efficient reporter system
for enrichment of biallelic mutations.

More and more researchers favor the exogenous reporter
system based on the SSA repair mechanism because of high
repair efficiency and not having to consider base number
changes. This type of reporting system has a common defect
with the NHEJ-based reporting system, which is the
background signal caused by leakage
fluorescent proteins or partial overlap of the excitation light

expression of

bands of two fluorescent proteins'®". In order to overcome this
problem, many studies have combined resistance screening
with fluorescence sorting, and standardized fluorescence
signal processing with fluorescent indicator proteins, thereby
further specificity and enrichment efficiency are improved.
Besides, according to Li et al.”®, increasing the expression
level of sgRNA could directly enhance the cleavage efficiency
of Cas9, and then promote the enrichment rate.

Rep/DonZR construct

;
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Amp'
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Interrupted

Zeo'

~
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/ Targeting

SSA arms
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/
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Targeted genome locus

Fig.5 Principle of Rep/Don donor reporter system™”: (A) Rep/DonPG construct; (B) Rep/DonZR construct
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4 Cell genome integrated endogenous reporter
system

Compared with the exogenous reporter system, integrating
a reporter system based on the corresponding repair
mechanism into the cell genome can build an endogenous
reporter system, so there is no need to consider the proportion
of multiple plasmids co-transfection or the transfection
efficiency. Moreover, the integrated reporter system is
consistent with the copy number of the target gene, which can
more accurately reflect the mutation caused by the nucleases
to the target and can also increase the proportion of mutations
enrichment. However, building stable expressing cell lines is
often a time-consuming and labor-intensive process, so there
are fewer studies on integrated endogenous reporter systems.

4.1 NHEJ based reporter system

D’Astolfo et al™ designed an endogenous dTomato
reporter system (pdT) based on the NHEJ repair mechanism,
as shown in Fig.6. The pdT structure is EF1a-ATG-AAVSI-
dTomato. AAVSI1 as the target sequence also interrupts the
dTomato reading frame, so it cannot be expressed normally.
When Cas9 cuts AAVSI1, the downstream ORF shifts,
resulting in dTomato positive cells. Lentiviral vectors
constructed KBM7 and H1 human embryonic stem cells. After
the first round of Cas9/sgRNA transfection, the dTomato
intensity in KBM7 cells and HI human embryonic stem cells
reached 33.8% and 10.2%, respectively. After the second
round of transfection, the dTomato intensity increased to
56.1% and 26.3%, respectively. At the same time, off-target
experiments showed that dTomato positive signal was about
0.2%, which was much lower than the fluorescence intensity
of the experimental group. The above results indicated that the
reporter
mutation-positive cells, but the research group did not analyze

dTomato system could efficiently enrich
the mutation of the target gene, and further sequencing results

are needed to prove the stability of the reporter system.
4.2 HDR based reporter system

Piggybac transposon (PB) can efficiently integrate large
fragments of DNA, thereby creating a cell line with stable
expression of foreign genes. Wen et al.*”’ used PB to
construct a donor-dependent fluorescence-resistance reporter
system (Piggybac target vector, PTV), as shown in Fig.7. The
highly active PB transposase (hyPBase) integrated the
CMV-Puro®-pA-H2B-GFP-pA expression element into the
cell genome, and pA (polyadenylation signal) terminated GFP
expression downstream of the Puro® gene. At the same time, a
pair of Cas9D10A recognition sequences was between Puro®
and GFP. The plasmid donor contained Puro®-T2A-H2B-GFP
sequence, where Puro® and H2B-GFP were PTV homology

+1
Target Sequence  puyy (Outof frame)

@ ATG [ GGGCCACTAGGGACAGGATTCE | 4Tomato

Stable integrated lentiviral vector

DSB-induced by CRISPR-Cas9 and
posterior gene modification by
NHEJ DNA repair system

Target Sequence  paw (IN-frame)
ATG | GGGCCACTAG-GACAGGATTGG -

Fig.6 Principle of endogeneous dTomato reporter system induced
by NHEJ“¥]
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Fig.7 Principle of endogenous PuroR-GFP reporter system induced
by HDR™

arms, and the target sequence in PTV generated DSB.

After FACS sorted Hela and DLDI1 cell lines, GFP" cells
accounted for about 8% and 15%, respectively. T7El
digestion verified that the NFE2L2 site mutation rates reached
33.1% and 9.5%, respectively, which was 2—4 times higher
than that of the unsorted group. Then the GFP sequence was
replaced with Hygro®, and the drug screening enriched to
about 60, 120 and 100 live DLD1 cells. The mutation rate of
three gene loci (A1CF, RBM47, and NFE2L2) by T7EI test
was 19.7%, 51.5%, and 29.5%, respectively. The non-specific
gRNA control group was relatively reduced by 1.4-3 times.
Although the target mutation times of the cell genome does
not increase a lot after enrichment, the system does make a
greater contribution to the study of targeted insertion of the
target gene under the premise of a lower incidence of HDR.

4.3 Inversion based reporter system

Some regions of the chromosome have a strong tendency to
rearrange, leading to the occurrence of hereditary diseases or
cancer. Li er al® constructed a reporter system that directly
reflected CRISPR/Cas9-induced sequence rearrangements (Fig.8).
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Fig.8 Principle of endogenous GFP reporter system induced by
rearrangement[so]

The inverted GFP (Inverted GFP, iGFP) sequence was
inserted downstream of the CMV promoter, and GFP was not
expressed at this time. When Cas9 created double-stranded
breaks at positions about 1.0 kb upstream and downstream of
the GFP expression cassette, the direction of iGFP might be
reversed, so that GFP might express normally. A retrovirus
was used to integrate iGFP into the chromosomes of murine
3T3 cells, so a single-copy stable expression cell line of iGFP
was constructed to quantify iGFP rearrangements. FACS
analysis revealed 23.6% =+ 4.1% of GFP" cells, and obvious
bands were found by PCR. The iGFP rearrangement reporter
system has certain application prospects for studying induced
chromosome rearrangements.

In the existing endogenous reporter system, NHEJ, as a
simpler repair mechanism, has a higher incidence than that for
HDR or chromosomal inversion, and higher efficiency for the
enrichment of positive cells. Constructing a cell line with
stable expression of reporter system is a time-consuming and
labor-intensive process, but it has the advantages that an
exogenous reporter system cannot match, such as no need for
co-transfection, and the same copy number of the reporter
system target and genomic target. However, because the
integrated target sequence is difficult to change, each
constructed reporter cell line can only enrich the
corresponding target gene, which has poor versatility and
narrow application range.

5 Outlooks

At present, although the free exogenous reporter system has
issues such as degradation and uneven distribution, it
possesses advantages of flexible design and convenient
transfection. It can quickly use different genome editing tools
for research in different cell lines. Although the endogenous
integrated reporter system can more stably characterize the
effect of genome editing, the longer time cost in cell line
construction cannot be ignored. Therefore, the types of
exogenous reporter systems are far more than those of
endogenous reporter systems. At the same time, fluorescence-

fluorescence, fluorescence-resistance, fluorescence-magnetism,
and other reporter systems are derived based on the common
and efficient NHEJ and SSA mechanisms and inefficient
repair mechanisms such as HDR and inversion rearrangement.
The first two reporter systems have higher economic
availability and design simplicity, and rapid positive
enrichment by using mature FACS technology or drug
screening method. The significance of the fluorescence-
magnetism reporter system lies in its innovation, while the
expensive antibody modification and cumbersome elution
steps reduce the ease of system. Although the above reporter
system implements a rapid and efficient enrichment strategy,
objective internal and external factors such as heterogeneity
between cell lines, differences in the identification and
targeting efficiency of different gene loci, and cleavage
activity of different genome editing tools, as well as the
sensitivity differences in FACS, resistance screening, and
magnetic separation, may lead to low enrichment ratios of
positive cells. Therefore, in order to minimize or exclude
negative and false positive cells, and to achieve a higher or
complete proportion of positive cell enrichment, the joint
application of two or more reporter systems or an integrated
reporter system incorporating multiple enrichment strategies
may be required. In addition, these reporter systems also
require cytotoxicity tests to verify their safety and stability,
which will help ensure high reproducibility and downstream
culture of enriched mutant cell lines.

In the future, the genome editing positive cell enrichment
reporter system will continue to improve and focus on two
efficient repair mechanisms, NHEJ and SSA. At the same time,
it also needs to follow up with the development of genome
editing tools in real-time. For example, redesigning the
sequence of the reporter vector in applying to non-cutting
CRISPR genome editing systems that rely on transposons, or
exploring its application in RNA editing or single base editing
to assist and accelerate the development of new genome
editing tools. Besides, efforts should be made to study reporter
systems that can reflect clinically significant non-error prone
gene repair mechanisms, such as HDR, in order to promote
the development and application of precise genome editing.
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