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Correction of the pathogenic mutation in TGM1
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A couple diagnosed as carriers for lamellar ichthyosis, an auto-
somal recessive rare disease, encountered two pregnancy losses.
Their blood samples showed the same heterozygous c.607C>T
mutation in the TGMI gene. However, we found that about
98.4% of the sperm had mutations, suggesting possible de
novo germline mutation. To explore the probability of correct-
ing this mutation, we used two different adenine base editors
(ABEs) combined with related truncated single guide RNA
(sgRNA) to repair the pathogenic mutation in mutant zygotes.
Our results showed that the editing efficiency was 73.8% for
ABEmax-NG combined with 20-bp-length sgRNA and 78.7%
for Sc-ABEmax combined with 19-bp-length sgRNA. The
whole-genome sequencing (WGS) and deep sequencing anal-
ysis demonstrated precise DNA editing. This study reveals
the possibility of correcting the genetic mutation in embryos
with the ABE system.

INTRODUCTION

Lamellar ichthyosis (LI) (OMIM: 242300) is one kind of autosomal
recessive congenital ichthyosis (ARCI), which is a group of rare corni-
fication diseases with an estimated incidence of about 1 in 200,000.
The affected newborn is usually encased with a collodion membrane
at birth.” Lamellar ichthyosis is a genetically heterogeneous disease,
which has been linked to many genes, such as ABCA12, ALOXE3,
and ALOXI12B (https://omim.org/), and the most prevalent gene is
the transglutaminase-1 gene (TGM1). Transglutaminase-1 protein
functions in forming the cornified cell envelope, which is essential
for the skin barrier.” There are 170 kinds of mutations reported for
the TGM1 gene, including 141 point mutations in the Human Gene
Mutation Database (HGMD) (http://www.hgmd.cf.ac.uk/ac/index.
php). Currently, the treatment for this disease is still a challenge.
Gene therapy by providing the regular expression of TGMI might
provide curing treatment for this transglutaminase-1-deficient
disease.*’

CRISPR-Cas-related nucleases, base editors, transposases/recombi-
nases, and prime editors provide powerful energy in genome editing.
In particular, base editors show excellent efficiency for point
mutation.” Cytosine base editor (CBE) and adenine base editor

(ABE) can efficiently convert C-to-T, or G-to-A, and A-to-G, or
T-to-C without DNA double-strand break (DSB).*’ Base editing sys-

11,12
and

tems have been applied in disease models,'® tumor treatment,
correcting genetic mutations.'>'* Our previous research showed the
CBE could correct the pathogenic point mutation in human embryos,
which would preclude the transmission of the pathogenic mutation.'*
No research has been reported that corrected the pathogenic muta-

tion using the ABE system in human embryos.

We fortuitously found a couple diagnosed with lamellar ichthyosis
by symptoms and gene sequencing. Both had the heterozygous
¢.607C>T mutation in the TGM1 gene, which converted the gluta-
mine to stop codon. This kind of mutation had been reported by other
groups'>'®
homozygous c.607C>T mutation would result in the disruption of
TGMI using RT-PCR and in situ hybridization.'” With the consent
of the patients, we explored the probability of correcting this mutation
in human embryos using the ABE system.

and recorded in HGMD. Previous research has shown the

RESULTS

Generation of the TGM1°%°" cell model

After confirmation of the TGMI®®’T mutation (Figure 1A), we
explored to simulate and correct this mutation using CBE and ABE,
respectively (Figure 1B). To efficiently get the homozygous specific
mutant cell line, we designed two sgRNAs, which use different
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lines. For the first step, the mutant cell model is generated
using the cytosine base editing (CBE) system combined
with the mutation sgRNA (mt-sgRNA), and then the
mutant cell model is corrected using the adenine base
editing (ABE) system with the repair sgRNA (re-sgRNA).
(C) sgRNAs used for generating mutant cell. The patho-

D B BEmax-AlD O BEmax-A3A-Y130F genic site was at position 5 for mt-sg1 and position 6 for
100 AncBE4max O AncBE4max-NG B dCas9 Ctrl mt-sg2. (D) The editing efficiency of two sgRNAs com-

bined with five different editors. Data are shown as

80+ mt-sg1 mt-sg2 mean + SEM (n = 3 from three independent experiments).
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(E) The representative sequence chromatogram of
mutant cell line harboring the homozygous mutation. The
red star indicates the substituted or normal base.

mutation, we explored two kinds of ABEs,
ABEmax-NG (targeting NG PAM) and Sc-
ABEmax (targeting NNG PAM).”"** Previous
studies showed truncation of sgRNA reduced
off-target effects and narrowed the editing win-
dow for some target loci.*” The ABEmax-NG or
Sc-ABEmax were co-transfected combined with

C12

GTGGGTAGAATCTGAACCTG

protospacer-adjacent motif (PAM) sequences (Figure 1C). We also
chose four different CBEs: BEmax-AID,"” with wider window; BE-
max-A3A-Y130F,'® harboring a broadened activity window and high
efficiency; AncBE4max,'’ with enhanced editing efficiency; and
AncBEmax-NG,” enabling relaxed PAM recognition. The dCas9
was used as control (Figure 1D). For mt-sgl, the BEmax-AID had
about 57% editing efficiency at the C5 site, while BEmax-AID also
showed the by-product editing for other C bases, which resulted in
imprecise editing. The BEmax-A3A-Y130F editor had about 55% edit-
ing efficiency at the C5 site (Figure 1D), along with the lower efficiency
for other C bases. The AncBE4max had about 45% editing efficiency at
the C5 site and about 27% at C11. For mt-sg2, the efficiency of BEmax-
A3A-Y130F was similar to mt-sgl, while for the non-target site it was
higher (11% versus 25%) (Figure 1D). The editing efficiency for
AncBE4max at the pathogenic point was about 65%, accompanied
by increased editing at the non-target site (28% versus 36%) (Figure 1D;
Figure S1). Finally, based on the editing efficiency of the target and
non-target site, the BEmax-A3A-Y130F and mt-sgl were selected to
get the colony. After transfection, the GFP-positive cells were sorted
one cell per well in 96-well plates. About 2 weeks later, the colonies
were identified by sequencing, and the perfect cell line (100% editing
in target site and 0% editing in non-target site) was stored (Figure 1E).

Correction of the pathogenic point mutation in mutant cell line
Next, we explored the potential of correcting the pathogenic mutation
using ABE. As there was no appropriate PAM sequence around the
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truncated sgRNAs in the mutant cell line (Fig-
ures 2A and 2B). For ABEmax-NG editor, the
editing efficiency at the pathogenic site for the four truncated sgRNAs
(17 bp, 18 bp, 19 bp, and 20 bp) was 16.5%, 14.4%, 19.9%, and 20.9%,
respectively (Figure 2C). Although previous research has shown the
editing window for ABE7.10 was at positions 4 to 7,” we did not
find obvious editing (less than 0.01%) at the non-target site for the
four sgRNAs (Figure 2C; Figure S2). For Sc-ABEmax editor, the
sgRNA with the 19 bp sequence (re-Sc-sg19) showed the highest ef-
ficiency, with about 14.5%. For non-target sites, all were less than
0.01% (Figure 2D). Our results indicated the truncated sgRNAs had
different editing patterns for this pathogenic mutation, and our
data gave solid evidence the ABE system could efficiently correct
the TGM1°%”" mutation.

Correction of the TGM1°°"T mutation in human embryos

Next, we wondered about the effects of correcting the mutation in
human embryos. Although the blood sample showed heterozygous
¢.607C>T, we found that 98.4% of the sperm was mutant genotype
(Figure S3), which may be caused by the germline mutation." Using
the discarded oocytes, we got the mature oocytes via an in vitro
maturation (IVM) procedure (Figure 3A). These oocytes were
then conducted using intracytoplasmic sperm injection (ICSI)
with the patient sperm to get the mutant embryos. The embryos
showed heterozygous mutants (Figure S4). Sixteen hours later, the
in vitro transcribed mRNA of ABEmax-NG combined with re-
NG-sg20 or the Sc-ABEmax combined with re-Sc-sg19 was micro-
injected into the cytoplasm.
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Figure 2. Correction of the pathogenic mutation with truncated sgRNA
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(A and B) sgRNAs used in ABEmax-NG group (A) or Sc-ABEmax group (B). The target sites are highlighted in red and with a numeric subscript. The non-target sites are
highlighted in blue and with a numeric subscript. The PAM sequences are underlined. (C and D) The correction efficiency was calculated for the target and non-target sites in
the ABEmax-NG group (C) or Sc-ABEmax group (D) with different truncated sgRNAs. Data are shown as mean + SEM (n = 3 from three independent experiments).

The development of the edited embryos was as normal as the control
group (Figure 3B). Two days later, the edited embryos were collected
and used for the following analysis. Some of the embryos showed the
single wild genotype, indicating complete editing (Figure 3C; Fig-
ure S5). To further confirm the editing results, deep sequencing was
performed to analyze the genotype (Figure 3D). Because the embryos
contained no more than 10 cells, the minimum frequency for the
mutant genotype (if any) is more than 5%, which means two embryos
(embryo-5 and embryo-7) in the ABEmax-NG group and five em-
bryos (embryo-8, embryo-9, embryo-11, embryo-13, and embryo-
14) in the Sc-ABEmax group were completely corrected. We did
not find obvious editing at the non-target site (Table SI). There was
no significant difference between the ABEmax-NG group with
73.8% efficiency and the Sc-ABEmax with 78.7% efficiency after
normalizing the editing efficiency (Figure 3E).

DNA off-target analysis by whole-genome sequencing (WGS)
and deep sequencing

Previous studies have shown that ABE systems do not induce genome-
wide DNA off-target effects.” To further verify the precision of the cor-
rected embryos, the off-target effects were investigated by WGS and
amplicon-based deep sequencing. WGS was performed on Ctrl sgRNA,
ABEmax-NG (embryo 7), and Sc-ABEmax (embryo 14)-injected em-
bryos at a mean depth of 21, 21 x, and 22X, respectively (Figure 4D).
A total of 1,709,219, 1,721,467, and 1,727,858 single-nucleotides poly-
morphisms (SNPs) were detected for the three groups (Figure 4A).
There were 242,008 and 210,254 unique SNPs found in the

ABEmax-NG- and Sc-ABEmax-injected embryos after filtering out
the dbSNPs and control SNPs (Figure 4A). There was no significant in-
crease in the number of SNPs and substitutions in the ABE-edited em-
bryos compared with the control sgRNA group (Figures 4A and 4B). A
total of 5,237 sites in the ABEmax-NG group were analyzed, and no
off-target effects were detected (Figure 4C). For the Sc-ABEmax group,
no off-target effect was found in 14,059 sites (Figure 4C). To further
explore the potential off-target effects, deep sequencing was performed
on all the edited embryos and 5 control embryos. The potential oft-
target sites were predicted with up to 5-base mismatches in the human
> and the results showed no 0- or 1-base mismatches (Table
S4). Seventeen top off-target sites on the list were selected and subjected
to deep sequencing with an average of over 9 x 10° in depth. The re-
sults showed no obvious off-target at any of these sites (Figure 4E).

genome,

RNA off-target analysis in human embryos

Previous studies have indicated that ABE generated off-target RNA
single nucleotide variations (SNVs).>*?” To further access the RNA
off-target mutations in edited human embryos, RNA-seq analyses
were performed. The control embryos occupied 123 SNVs, but we
observed notably higher numbers of RNA SNVs in embryos injecting
the ABE system, no matter with target sgRNA or with control sgRNA
(Figure 5A). Nearly 90% of the RNA SNVs identified in ABE-injected
embryos were mutations from A to I (Figures 5B and 5C). We also
noticed the groups using target sgRNAs did not induce more oft-
target RNA mutations than control sgRNA groups, indicating the
deaminase spontaneously induced the mutation. Recently, some
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Figure 3. Correction of the pathogenic mutation in

human embryos

(A) The graphical representation shows the procedure of
correcting the pathogenic mutation in human embryos.
The mutant embryos were generated using intra-
cytoplasmic sperm injection (ICSI) with the mutant sperm.
Then the mRNA of the ABE system was microinjected into
the cytoplasm at the pronucleus stage. Two days later,
the embryos were collected, and the genotype was
analyzed using deep sequencing. (B) Morphological
development of injected embryos. The embryos showed
normal development after injection of the ABE system. (C)
The representative sequencing chromatogram from the
repaired embryos is shown. The red arrows indicate the
corrected pathogenic site or normal base. The black ar-
rows indicate non-target sites. (D) The percentage of the

wild type (WT) and mutant genotypes at the pathogenic
site. Seven embryos in the ABEmax-NG group and eight
embryos in the Sc-ABEmax group were collected and
analyzed using deep sequencing. (E) The editing effi-
ciency was normalized and summarized for the target and

non-target sites. The calculating formula is the average of
(WT genotype percentage of each embryo — 50%)/0.5.

DISCUSSION

Approximately 130 million babies are born
worldwide each year, of whom 7 million suffer
from serious inherited genetic disorders.” Up
to November 9, 2020, there were reported
6,723 known molecular-based phenotypes asso-
ciated with 4,318 different genes in the Online
Mendelian Inheritance in Man. In addition,
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improved editors have been raised, and these editors will be useful to
reduce RNA off-target effects.”®

Summary of mutations in TGM1 gene

Currently, about 170 different kinds of pathogenic mutations in the
TGM1 gene were reported, of which 141 are point mutations (Fig-
ure 6A). Base editing systems show excellent efficiency and safety
in simulating and correcting point mutations. For the reported muta-
tions in the TGM1I gene, 51% were g-a and c-t mutations, and 14%
were t-c and a-g mutations (Figure 6B). We analyzed the mutant sites
and their PAM sequence and found 65 sites could be corrected with
the ABE system, and the CBE system could be applied on 12 sites (Fig-
ure 6C). One noteworthy obstacle for the application of base editing
systems is precision. For the ABE system, the percentage of point mu-
tations that do not have the same base within x1 bp is about 90%, and
it drops to 58% within +2 bp and 33% within +3 bp (Figure 6C). The
CBE systems occupy 35% within 1 bp, 20% within +2 bp, and 15%
within +3 bp, which means it is urgent to develop the new editors with
narrow editing windows (Figure 6C).
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on-target

about 30-40 new genetic phenotypes are added
every month. From the ClinVar database, there
are approximately 844,269 unique variants,

non-target

nearly half of which are point mutations.”
With the development of high-throughput sequencing, more and
more genetic pathogenic mutations will be reported.”'

Gene therapy provides an effective method to cure cancer and genetic
diseases.’ It is reasonable and acceptable to edit the somatic mutations,
and recently there have been many gene therapy clinical trials.** For
germline gene therapy (GGT), in September 2020, the International
Commission on the Clinical Use of Human Germline Genome Editing
reported that gene-editing methods were still far from mature enough
and needed more research. There are still many kinds of diseases
beyond our understanding. GGT provides more options for patients
to make the best choice.** The pressing issue is how to reinforce the ex-
isting regulations, not complete moratorium or bans.”® Gene editing
based on DSBs induced by CRISPR-Cas9 may lead to off-target effects
and frequent loss of the target chromosome in human embryos.*®
Furthermore, when using CRISPR-Cas9 combined with the donor to
corrected the mutant embryos, the edited embryos may contain multi-
ple genotypes (mosaic) due to the predominance of non-homologous

end joining.”” In this case, we cannot precisely predict the final
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genotype, and it is hard to guarantee safety. For base editing systems,
especially the ABE system, we can precisely predict the final genotype.*®
The main difference between the two methods is that the former
method introduces new genotypes, while the base editing system
does not. Base editing systems may be the better choice for GGT.

Lamellar ichthyosis is one kind of autosomal recessive congenital ich-
thyosis, and most of the pathogenic mutations are found in the TGM1
gene.z'1 About 170 different kinds of mutations have been recorded,
and 141 of them are point mutations. We found a couple diagnosed
as carriers for lamellar ichthyosis, and they encountered several preg-
nancy losses. Both had the heterozygous ¢.607C>T mutation. To our
surprise, we found the sperm sample harbored 98.4% mutant geno-
type, which could explain the pregnancy losses. Previous research
demonstrated germline mutations in TGM1I were identified in 55%
of patients with ARCL> Base editing systems show an enormous
advantage to simulate or correct point mutations.” Our research
used two different base editors to correct the ¢.607C>T mutation in
human mutant embryos. For ABEmax-NG combined with re-sg20,
seven embryos were collected, and two of them showed a completely
wild genotype. The normalized editing efficiency was about 73.8%.
For Sc-ABEmax combined with re-Sc-sgl9, five embryos showed
wild genotype among eight edited embryos, and the normalized edit-
ing efficiency was about 78.7%. The ABESe,"” ABESs,"' and prime ed-
itor’” may provide better editing efficiency, but more attention should
be paid to the off-target editing, especially in embryos.

Recently, many engineering Cas enzymes that recognize different
PAMs have been developed, especially the SpG and SpRY.*** The ex-
isting Cas enzymes nearly make it possible to find a PAM for any
target site, and now the limitation for correcting the pathogenic mu-
tation is the precision. Although several base editors have narrow ed-
iting windows, their efficiency and precision need enhancement.”

In summary, we achieved the first correction of a pathogenic muta-
tion in human embryos using the ABE system. Our research provides
the primary data to assess the probability of curing rare genetic
diseases.

MATERIALS AND METHODS

Ethical statement

The study was approved by the Ethics Committee of the Third Affil-
iated Hospital of Guangzhou Medical University. All patients signed
informed consent before sample collection. The patient with lamellar
ichthyosis signed the informed consent for donating his semen sam-
ples for research. All the operations on the embryos were conducted
at the Center for Reproductive Medicine.

Molecular Therapy

Plasmid construction

The AncBE4max plasmid was obtained from Addgene (Addgene,
112094),"” with enhanced editing efficiency, especially under non-
optimal conditions and previously moderately efficient gene sites.
BEmax-A3A-Y130F was constructed using the DNA Assembly
Cloning Kit (NEB, E5520S) by replacing the Apobec of AncBE4max
with the A3A-Y130F fragment,'® which mediated efficient C-to-T
base editing in methylated DNA regions and GpC dinucleotides.
BEmax-AID was constructed by replacing the Apobec of AncBE4max
using the AID fragment,'” achieving base editing with a broadened
window. AncBEmax-NG was constructed by replacing the Cas9 of
AncBE4max with Cas9-NG fragment.”® Sc-ABEmax plasmids were
constructed using the DNA Assembly Cloning Kit by replacing
the Cas9 of ABEmax (Addgene, 112095) with the ScCas9.”'
AncBEmax-NG and Sc-ABEmax enable the relaxed PAM recognition,
which increases targeting range.””” The sgRNA plasmids were con-
structed as previously described (Novoprotein, NR005-01B)."*

Embryo culture

Immature oocytes were cultured in 25 pL G-1 PLUS (Vitrolife, 10128)
medium covered with OVOIL (Vitrolife, 10029) in a 37°C tri-gas
incubator (5% O,, 6% CO,, and 89% N,) until the first polar body ap-
peared, which is a sign of oocyte maturation. Intracytoplasmic sperm
injection with patient sperm was denoted as DAYO. Then, the injected
fertilized eggs were cultured in 25 uL G-2-PLUS (Vitrolife, 10132)
medium covered with OVOIL and cultured in a 37°C tri-gas incu-
bator (5% O,, 6% CO,, and 89% N,) until DAY3.

Cell culture and transfection

HEK293T cells were cultured in DMEM (Hyclone, SH30243.01)
supplemented with 10% fetal bovine serum (FBS) (v/v) (Gemini,
900-108) and 1% penicillin streptomycin (v/v) (Gibco, 15140122)
and incubated at 37°C with 5% CO, under humid conditions. Trans-
fection was performed according to the manufacturer’s protocols
(Thermo Fisher Scientific, 11668019). In brief, HEK293T cells were
seeded on 24-well plates the day before transfection. Editor-expression
vector (600 ng) was co-transfected with sgRNA-GFP plasmids (300 ng)
using Lipofectamine 2000. Cells with the highest 20% of GFP signal
were isolated by fluorescence-activated cell sorting 72 h later. The target
fragment was amplified, and then the editing efficiency was analyzed by
deep sequencing. sgRNAs used are listed in Table S2.

Flow cytometry

The sgRNA expression vectors were constructed by cloning annealed
DNA oligos into Bsal-digested pGL3-U6-sgRNA-PGK-GFP (Addg-
ene, 107721) plasmids, which expressed GFP fluorescence. Three
days after transfection, HEK293T cells were separated by 0.25%

Figure 4. DNA off-target analysis with WGS and deep sequencing on embryos

(A) Summary of SNP analysis by WGS. After filtering out naturally occurring variants in the human SNP database, 535,974 SNPs were obtained from the ABEmax-NG group
and 559,247 SNPs in the Sc-ABEmax group. The number of A/T conversions is shown. doSNPs, database of SNPs. (B) Heatmap of base substitution in control sg, ABEmax-
NG, and Sc-ABEmax groups. (C) Summary of potential off-target site information. A total of 5,237 sites in ABEmax-NG-injected and 14,059 sites in the Sc-ABEmax group
were analyzed. (D) A summary of WGS information. (E) Targeted deep sequencing was performed for 17 potential off-target sites. Seven embryos in the ABEmax-NG group,

eight embryos in Sc-ABEmax, and five control sgRNA embryos were analyzed.
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embryos

3 (A and B) RNA sequencing assay detecting RNA off-
target SNVs at the human embryos. The bar graph dis-
plays the total number of SNVs (A) and the proportions of
the relevant subsets (B). (C) The scatterplot displays the
total SNV numbers in each injected group. Values in (A)
and (B) are mean + SEM from three biological replications
as indicated by the dots.
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system containing the ABE editor with the
sgRNA was microinjected into the embryos.
Two days later, all the embryos were collected
and used for the following process.

Genomic DNA extraction and amplification

Genomic DNA of cells was extracted using
QuickExtract DNA Extraction Solution (Luci-
gen, QE09050) according to the manufacturer’s
protocols. The genomic DNA of zygotes was
amplified using the Discover-sc Single Cell Kit
(Vazyme, N601-01). Primers synthesized by
GenScript (Nanjing, China) are listed in Table S3.

Deep sequencing analysis

Sc-ABEmax
+ Ctrl sg

ABEmax-NG
+ re-NG-sg20

ABEmax-NG

Control ¥ Ctri sg

trypsin, washed twice with cold PBS, and then resuspended in cell-
sorting solution at a concentration of 10° cells/mL. Flow cytometry
was then conducted with a BD FACSAria III Flow Cytometer (San
Diego, CA, USA). Data were analyzed by FlowJo v.10 software (BD,
San Diego, CA, USA). For target gene efficiency analysis, 20,000
GFP-positive cells were harvested for genomic DNA isolation. To
obtain a mutation cell colony, a single cell was sorted and cultured
in a 96-well plate and validated by sequencing.

In vitro transcription

In vitro transcription was performed as previously reported.”” In
brief, the ABEmax-NG and Sc-ABEmax vectors were linearized by
BbsI enzyme (NEB, R3539S) and the transcription was performed us-
ing the mMESSAGE mMACHINE T7 ULTRA Transcription Kit
(AM1345) according to the manufacturer’s protocols. All the sgRNAs
used for in vitro transcription were cloned into a pUC57-sgRNA
expression vector with a T7 promoter. Then, the sgRNAs were ampli-
fied and transcribed in vitro using the MEGAshortscript T7
Transcription Kit (AM1354) and purified using the MEGAclear
Transcription Clean-Up Kit (AM1908).

Intracytoplasmic sperm injection (ICSI) and microinjection

The procedure for ICSI and microinjection was the same as previ-
ously reported.'* Briefly, the immature oocytes were cultured
in vitro to be mature oocytes. Then intracytoplasmic sperm injection
was conducted using the patient’s sperm. After 16-18 h, the repair

Sc—A‘BEmax

¥ re-Sceg19 The on-target and potential off-target

sites (Cas-OFFinder, http://www.rgenome.

net/cas-offinder/)*> were amplified by touch-
down PCR using Phanta Max Super-Fidelity DNA Polymerase
(Vazyme, P505). The purified PCR products were sequenced using
the Hiseq X-10 (2 x 150) platform. Primers synthesized by
GenScript (Nanjing, China) used for deep sequencing are listed
in Table S3.

WGS

WGS of human genomic DNA amplified from 3-day embryos
was sequenced using Illumina HiSeq X Ten (2 x 150 paired-end
[PE]) at Novogene Bioinformatics Institute (Beijing, China). All
cleaned reads were mapped to the human reference genome
(GRCh38/hg38) by BWA v.0.7.16 with default parameters. By
removing duplicates with Sambamba v.0.6.7, sequence reads
were realigned through Genome Analysis Toolkit (GATK v.3.7)
IndelRealigner. The identified by GATK
HaplotypeCaller, and the criteria were: (1) sequencing depth be-
tween 1/3x and 3x, (2) variant confidence/quality by depth > 2,
(3) root mean square (RMS) mapping quality (MQ) > 40.0, (4)
Phred-scaled p value using Fisher’s exact test to detect strand
bias < 60, (5) Z score from the Wilcoxon rank sum test of Alt
versus Ref read MQs > —12.5, and (6) Z score from the Wilcoxon
rank sum test of Alt versus Ref read position bias > —8. After
filtering out variants in the SNP database and wild-type genome,
potential off-target sites were predicted by CasOT-1.0, with up
to 2-bp mismatch in seed region and 5-bp mismatch in nonseed
region with NG/NNG PAM.

variants were
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Figure 6. Summary of pathogenic mutations in the
a-c TGM1 gene
a-g (A) Summary of the mutation type of TGM17 gene. All the
mutations have been reported and recorded in the HGMD
point mutations, including deletions, insertions, and in-
c-t dels. (B) The summaries of 12 kinds of point mutations.
The g-a and c-t mutation occupy about 51%. The t-c and
a-g mutation occupy about 14%. (C) Analysis of repairing
t-a effects of mutation sites by ABE/CBE. Potential repairing
t-c sgRNAs were analyzed based on mutant sites and PAM

1000R00NN00N

0 25 =0 S tg sequence. For mutations that could be corrected using
Number of mutations ABE or CBE, the precision of correction was analyzed
c based on whether other bases could be modified. The
three bases around the target site were considered.
PAM ssausnice Proportion of the point mutation
Editors a without non-target around it
NGG NG + 1bp +2bp 4+ 3bp
ABE 22 43 90% 58% 33%
CBE 4 8 35% 20% 15%

RNA off-target editing in embryos

For profiling of global RNA off-target editing, embryo RNA samples
were sequenced using an Illumina HiSeq X Ten (2 x 150 PE) at the
Novogene Bioinformatics Institute (Beijing, China), at a depth of
~2 x 107 reads per sample. The reads were mapped to the human
reference genome (GRCh38/hg38) by STAR software (v.2.5.1), anno-
tated with GENCODE v.30. After removing duplication, GATK
HaplotypeCaller (v.4.1.2) was used to identify variants and filter those
under depth 2. All variants were quantified by bam readcount with
parameters -q 20 -b 30. The depth for a given edit had to be at least
10, and over 99% of the reads for these edits must support the refer-
ence allele. Only A-to-G edits in the transcribed strand were consid-
ered for downstream analysis.
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Figure S1. Sanger sequencing chromatogram for the edited HEK293T cell. The target
site highlighted in red and with a numeric subscript. The non-target sites are highlighted

with a numeric subscript.
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Figure S2. Sanger sequencing chromatogram for the correction of the pathogenic

mutation by ABEmax-NG (A) and Sc-ABEmax (B) combined with truncated sgRNA.
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Figure S3. Analysis of the patient sperm. (A) The sequence chromatogram of the sperm
from the patient. The red star indicated the pathogenic point mutation. (B) The genotype

analysis of sperm sample by deep sequencing.



Control embryo-1

G T 6 6 & T

Control embryo-2

| C A R G G c C A G T G G G T AR 6 A R T C TG

Control embryo-3
G T G

Figure S4. The sequence chromatogram for control embryos. The red star shows the
pathogenic mutations.




embryo -1 embryo-8

:\GGCCAGTGGGC;GZ_;:::G

MO YO e ereee e es
noamadlanatinn  psdanflastaalafilon
enjbryo -3 ecm;br;yc:-:lﬁoC N

AR 66 C Ca

sl

emb_ryo-4

6 16 6 6C A G A AT C T G

dealnaaiaiinlm

Figure S5. (A, B) The sequence chromatogram for all edited embryos in ABEmax-

NG group (A) and Sc-ABEmax group (B).



Table S1 The editing frequency analysis of the corrected embryos.

Sample name Percentage of wild Editing frequency on
genotype on target site (%)  non-target site (%)

ABEmax-NG embryo-1 94.18359 0.206321
group embryo-2 70.01231 0.191813
embryo-3 71.18183 0.207506
embryo-4 86.02006 0.219498
embryo-5 97.86279 0.285806
embryo-6 91.58933 0.2553
embryo-7 97.50425 0.206666
Sc-ABEmax  embryo-8 97.66458 0.285655
group embryo-9 97.16523 0.211075
embryo-10 81.65478 0.310669
embryo-11 97.4 0.240646
embryo-12 67.82205 0.314222
embryo-13 97.06223 0.346686
embryo-14 96.45348 0.265436

embryo-15 79.42178 0.257861




Table S2 The sgRNA sequence used in this study.

sgRNA Sequence (5°-3)

TGM1 mt-sgl TGGGCAGAATCTGAACCTGC
TGM1 mt-sg2 GTGGGCAGAATCTGAACCTG
re-NG-sg20 AGGCCAGTGGGTAGAATCTG
re-NG-sg19 AGGCCAGTGGGTAGAATCT
re-NG-sg18 AGGCCAGTGGGTAGAATC
re-NG-sgl7 AGGCCAGTGGGTAGAAT
re-Sc-sg20 GGCCAGTGGGTAGAATCTGA
re-Sc-sgl9 GGCCAGTGGGTAGAATCTG
re-Sc-sgl18 GGCCAGTGGGTAGAATCT
re-Sc-sgl7 GGCCAGTGGGTAGAATC




Table S3 The primer used for PCR or deep sequencing.

Primer Sequence Sequence (5°-3”)
TGM1-PCR-F CCTACTCTAGGAAACAACCC
TGM1-PCR-R GAAGAGGATGTAGATCTCATTG

TGM1-deep seq-F1
TGM1-deep seq-F2
TGM1-deep seq-F3
TGM1-deep seq-F4
TGM1-deep seq-F5
TGM1-deep seq-F6
TGM1-deep seq-F7
TGM1-deep seq-F8
TGM1-deep seq-F9
TGM1-deep seq-F10
TGM1-deep seq-F11
TGM1-deep seq-F12
OT-F1

OT-R1

OT-F2

OT-R2

OT-F3

OT-R3

OT-F4

OT-R4

OT-F5

OT-R5

OT-F6

OT-R6

OT-F7

OT-R7

OT-F8

OT-R8

OT-F9

OT-R9

OT-F10

OT-R10

OT-F11

OT-R11

OT-F12

OT-R12

OT-F13

OT-R13

OT-F14

OT-R14

atcacgCCTACTCTAGGAAACAACCC
cgatgttCCTACTCTAGGAAACAACCC
ttaggcagCCTACTCTAGGAAACAACCC
tgaccagCCTACTCTAGGAAACAACCC
acagtgctCCTACTCTAGGAAACAACCC
gccaatCCTACTCTAGGAAACAACCC
cagatctCCTACTCTAGGAAACAACCC
acttgaaaCCTACTCTAGGAAACAACCC
gatcaggCCTACTCTAGGAAACAACCC
tagcttccCCTACTCTAGGAAACAACCC
ggctacCCTACTCTAGGAAACAACCC
cttgtaCCTACTCTAGGAAACAACCC
ACCTTTCTGTCTTTGGATGT
TCTCCTTGTGTCTGGTGTA
TGAGGACCCATCCAACTC
GCAAGCGTATATGTGAATCC
TGACTAGAAAGTGTGTGCTT
CATGTGTACCTGGTCCATT
TTGGATACCGCCATTGATG
CCTCCTATAAATAACACCCTGA
TATGATGATCCTTCCTTTGC
TATAGTTGTTGGACTCAGGA
TGCTGCCTGTGATTTATGA
GGTCAACTGTGGTGTCTC
TCTTCACTGATCCTATTGACC
CTTAGAGATGATGCTGGAGT
AGTCCCATCTTGTCCACATCA
TAGAGGTGCAGCATGGCCTC
CTGACCTTCGCTGAGATAG
TCACACCAATTCTGATTCCA
GAATCATTCCACAACTCTAGG
TGATGAACAGCAGGAAGG
CATCGGTCATACTGTATTAGG
GTTGGAATGTGGTGAATGTA
CCCTCAACTTTAGAAAGAACTG
TGTAGAAGAGAGATCAGATGTG
CTAATCAGTGTTTACTGGAGAG
GCTCCTCTAACTCTAATGTATG
ACTGAGGTGATTAACAAAGC
TTGGTTAGAGGTTAGGTGTG



OT-F15
OT-R15
OT-F16
OT-R16
OT-F17
OT-R17

TCAGAACCCAGAGCAATCA
AGAGATGGAGTCCGTGTG
CACATGGATGCTCTTCAATC
CATGGTAAGACATACTCATTGG
CGACTGAACATCTCTGTGT
CCTCTAAGTCCTCCACCTT




Table S4 The information of predicted off-target sites.

Name DNA Chr Position Direction = Mismatches
OT1 GGCCAGTGGGTAGAATagGAGGG chrl5 94,745,816 - 2
OT2 GGCCcaTGGGTAGAATCTGAAGG chr5 8,503,050 - 2
OT3 GGCCAGTGGGcAGAAgCTGACAG chr5 135,355,669 + 2
OT4 GGCCAGTGGGTAGAAaCTtAAGG chr4 73,013,365 - 2
OT5 GGCCAGTGGGctGAATCaGAGAG chr8 13,409,077 - 3
OTé6 GGCCAGgGGGTgGAATCTGtGAG chr8 28,250,565 + 3
OoT7 GGCCAGaGGGTAGACTCTtACAG chr5 24,402,175 - 3
OT8 GGCCtGTGGGTAGCcATgTGACGG chr5 180,112,311 + 3
O0T9 GGgCAGTGGGgAGACTCTGATGG chr20 63,027,610 - 3
OT10 GGCCtGTGGGgAGAITCTGAGGG chrl 160,135,818 - 3
OT11 GGCCAGaGGGTAGAATgTtAGGG chrl 160,810,629 - 3
OT12 GaCCAGTGGGTAGAAaCTGtAGG chrl 173,804,224 - 3
OT13 atCCAGTGGGTAaAATCTGAAAG chrl 223,358,725 - 3
OT14 GGCCAGTtGGTgGAATCTGcAAG chr7 110,235,678 - 3
OT15 GaCCAtTGGGTAGAATCTaACAG chr7 158,652,020 + 3
OT16 GGCCAGTtGGaAGAATCTtACAG chri2 10,679,571 - 3
OT17 GGCCAGaaGGTAGAAgCTGAAAG chr4 25,043,394 + 3
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