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ABSTRACT Direct injection of CRISPR/Cas9 into zygotes enables the production of
genetically modified nonhuman primates (NHPs) essential for modeling specific human
diseases, such as Usher syndrome, and for developing novel therapeutic strategies.
Usher syndrome is a rare genetic disease that causes loss of hearing, retinal
degeneration, and problems with balance, and is attributed to a mutation in MYO7A,
a gene that encodes an uncommon myosin motor protein expressed in the inner ear
and retinal photoreceptors. To produce an Usher syndrome type 1B (USH1B) rhesus
macaque model, we disrupted the MYO7A gene in developing zygotes. Identification of
appropriately edited MYO7A embryos for knockout embryo transfer requires sequence
analysis of material recovered from a trophectoderm (TE) cell biopsy. However, the TE
biopsy procedure is labor intensive and could adversely impact embryo development.
Recent studies have reported using cell-free DNA (cfDNA) from embryo culture
media to detect aneuploid embryos in human in vitro fertilization (IVF) clinics. The
cfDNA is released from the embryo during cell division or cell death, suggesting that
cfDNA may be a viable resource for sequence analysis. Moreover, cfDNA collection
is not invasive to the embryo and does not require special tools or expertise. We
hypothesized that selection of appropriate edited embryos could be performed by
analyzing cfDNA for MYO7A editing in embryo culture medium, and that this method
would be advantageous for the subsequent generation of genetically modified NHPs.
The purpose of this experiment is to determine whether cfDNA can be used to identify
the target gene mutation of CRISPR/Cas9 injected embryos. In this study, we were
able to obtain and utilize cfDNA to confirm the mutagenesis of MYO7A, but the method
will require further optimization to obtain better accuracy before it can replace the TE
biopsy approach.
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INTRODUCTION

Usher syndrome type 1B (USH1B) patients experience
congenital hearing loss, impairment of vestibular func-
tion, and progressive loss of vision (Kremer et al., 2006;
Mathur and Yang, 2015). USH1B is caused by mutations in
the MYO7A gene which encodes MYO7A, an uncommon
myosin protein, that is expressed in the inner ear and
retina.

Nonhuman primates (NHPs) have been used to model
many diseases that affect humans since they share similar
genetic, physiological, and anatomical features. Despite
these advantages, genetically modified NHP production
has been challenging using somatic cell nuclear transfer
(Liu et al., 2018). The emergence of the latest gene-edit-
ing technology, including the direct injection of CRISPR/
Cas9 into developing zygotes (Niu et al., 2014; Wan et
al., 2015), has made the generation of genetically modi-
fied NHPs more feasible and accessible. However, recent
publications indicated that it is difficult to obtain 100%
editing efficiency, so the presence of desired mutations
must be confirmed by a trophectoderm (TE) biopsy at the
blastocyst stage (Vilarino et al., 2018; Ryu et al., 2022). In
addition, the TE biopsy procedure is labor intensive and
can adversely impact embryo development. As a possible
alternative to confirming mutations, recent studies have
reported using cell-free DNA (cfDNA) from embryo cul-
ture media to detect aneuploid embryos in human in vitro
fertilization (IVF) clinics (Lewis et al., 2012; Vera-Rodri-
guez et al., 2018; Shitara et al., 2021). cfDNA is assumed
to be made up of small fragments of DNA released from
the cultured embryo during cell division or cell death
(Alizadegan et al., 2022). In contrast to TE biopsies, col-
lecting cfDNA is less labor intensive and is non-invasive,
supporting our hypothesis that it could be an attractive
method with which to assess CRISPR/Cas9-mediated gene
editing in NHP embryos.

In this study, we disrupted the rhesus macaque MYO7A
gene by introducing CRISPR/Cas9 system into developing
NHP zygotes, which were cultured individually in me-
dia until the blastocyst stage. From cfDNA and TE cells,
MYO7A targeting sites were analyzed. From 10 out of 15
injected blastocysts, MYO7A was successfully amplified
and sequenced from both ¢fDNA and TE biopsies sam-
ples, with the sequencing results being compared between
the two sources. From cfDNA samples, embryos E2285

and E2295 carried biallelic and homozygous mutations,
respectively. However, the corresponding TE cell biopsy
samples exhibited no mutations. Also, embryo E2294
showed a heterozygous mutation in the TE cell biopsy
sample but no MYO7A mutation from cfDNA. The other 7
embryo samples showed a wild-type sequence in both the
TE biopsy and cfDNA samples.

MATERIALS AND METHODS

Ethical approval

All animal protocols were approved by the Oregon Na-
tional Primate Research Center Institutional Animal Care
and Use Committee (IP1085) and conducted according
to the NIH guidelines for the Care and Use of Laboratory
Animals.

Design of sgRNA and injection materials preparation

Two sgRNAs were designed targeting MYO7A exon 3
as described previously (Ryu et al., 2022) (Fig. 1). Two
sgRNAs and Cas9 mRNA were produced using MEGA-
shortscript™ T7 Transcription Kit and mMESSAGE mMA-
CHINE™ T7 Transcription Kit, respectively (Ryu and Lee,
2017).

Direct injection of CRISPR/Cas9 into developing
zygotes

Rhesus macaque oocytes were obtained from three fe-
male rhesus macaques using controlled ovarian stimula-
tion (COS) as previously described (Ramsey and Hanna,
2019). After 4 days of onset of menses, estradiol (E2) levels

CGACTCTGGGCAGATCCAGGIEE

800 bp

Fig. 1. MYO7A targeting strategy. To disrupt MYO7A in rhe-
sus macaque embryos, two sgRNAs were designed that target
MYO7A exon 3. The underlined DNA sequence denotes the
sgRNA sequence, and the letters highlighted in red represent
the protospacer adjacent motif (PAM) sequence. Black arrows
represent the PCR primer set #1 used for amplification of the
target region (expected PCR product size = 350 bp). Gray ar-
rows represent flanking primers of set #2, which are predicted
to yield a PCR product of 800 bp.
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were monitored daily. When E2 levels rose over 100pg/
mL, gonadotropin-releasing hormone antagonist, Antide
(1-3 mg/kg; Salk Institute for Biological Studies, LaJolla,
CA, USA), along with an injection of follicle stimulating
hormone and luteinizing hormone (FSH:LH, 30 IUeach;
Menopur, Ferring Pharmaceuticals Inc. Parsippany, NJ,
USA) were conducted. Next day females got Antide (0.5
mg/kg) and FSH:LH (30 IU each), followed by a second
FSH:LH injection (30 IU each). Human chorionic gonado-
tropin (hCG,1000 IU; Ovidrel, EMD Serono, Inc. Rockland,
MA, USA) was injected the following day. Serum proges-
terone (P4) levels were monitored daily from the onset of
Antide treatment through the day of follicle aspiration.
The contents of the single periovulatory follicle were as-
pirated 26-30 h post-hCG under anesthesia.

Collected oocytes were co-incubated with sperm in oil
covered IVF media (BO-IVF, Cornwall, United Kingdom)
for 16 hours at 37C in 5% CO2 incubator. A total of 28
MII stage and 10 MI stage oocytes were collected and used
for IVE. After fertilization, two sgRNAs (50 ng/ul) and
Cas9 mRNA (100 ng/ul) were injected into the cytoplasm
of the rhesus macaque zygotes in warmed TALP-HEPES
under oil (IVFbioscince, Cornwall, United Kingdom).
The injection process was conducted using a Nikon mi-
croscope with Narishige micromanipulators (Narishige
International USA, Inc). Injected single zygotes were then
cultured in individual BO-IVC drops (IVFbioscince, Corn-
wall, United Kingdom) under oil at 37T in 5/5/90 (%CO2,
%02, %N2) mixed gas without a medium refresh (Ramsey
and Hanna, 2019).

A cfDNA *

Genotyping from TE biopsy and cfDNA

When injected embryos reached the expanded blastocyst
stage, a TE biopsy was conducted. An objective-mounted
laser was used for TE biopsy from expanded blastocysts
placed in biopsy media covered by oil. Biopsied TE cells
and 2 uL of embryo culture media containing cfDNA were
subjected to whole genome amplification (WGA) using a
REPLI-g Single Cell kit (Qiagen). The WGA products were
used as template DNA to amplify the flanking region of
MYO7A exon 3. For the PCR, two different primer sets
were designed. PCR was run as follows: Primary denature
at 98T for 2 minutes, secondary denature at 98T for 30
seconds, annealing at 64C for 30 seconds, extension at
72T for 30 seconds for 34 cycles, 72C for 5 min, and
holding at 4C using T100 thermal Cycler (BIORAD, Cali-
fornia, USA). PCR amplicons were purified and analyzed
by Sanger sequencing. When the PCR band was not de-
tected using primer set #1, longer sizes of amplicons were
obtained by using primer set #2 from TE biopsy samples
as outlined in Fig. 1.

RESULTS

From the 38 injected zygotes, 15 blastocysts were ob-
tained and underwent a TE biopsy. The flanking region
of MYO7A exon 3 was successfully amplified from both
TE biopsy and cfDNA (Fig. 2A). From TE biopsies, a total
10 out of 15 samples were successfully amplified using
primer set #1 (Fig. 2B) and Sanger sequencing resulted in
the E2290 was non-specific band. All TE biopsy samples
were re-amplified using primer set #2 because un-am-

E2293 E2294 E2295 E2296 E2297 Neg

Fig. 2. PCR results from cfDNA and TE
biopsy samples. After whole genome
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E2289 E2290 E2291 E2292 E2293 E2294 E2295 E2296 E2297 Neg

| and TE biopsy samples, the flanking
region of MYO7A was amplified from
15 blastocyst-derived samples. (A)
PCR results from cfDNA using Black
primers. (B) PCR results from TE biop-
sy samples with primer set #1. (C) PCR
results from TE biopsy samples with
primer set #2. Yellow letters indicate
PCR amplification failed, *’ indicates
an embryo with a ¢cfDNA mutation.
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TGTGGATGGACCTGAG AT CG cnElE

|

6 T 6 G

T G T G G T G G C C T
Homozygous mutation
E2295 - cfDNA NV\
T 6 T 6 GRS GG RGO

G

Biallelic mutation
E2285 - cfDNA

T G G
AN A

T G G (]
N G N G 6 N 6 [N N
Fig. 3. Sanger sequencing results. PCR

amplicons were analyzed by Sanger
sequencing. E2295 cfDNA showed a

homozygous mutation, E2285 cfDNA

Heterozygous mutation
E2294 - cfDNA

T 6 T 6 6 T 6 6 6 6 C [ G

T T X G U 6 T 6

carried a biallelic mutation, and the
E2294 TE biopsy sample had a het-
erozygous mutation on the targeting
region. Black arrows indicate the mu-
tation points.

plified samples may have a large deletion on the flank-
ing region of the MYO7A. The primer set #2 amplicons
were obtained from 12 samples (Fig. 2C), with samples
E2289, E2290, and E2297 not being amplified. These PCR
results demonstrated that there was no large deletion in
TE biopsy samples and three samples, E2289, E2290, and
E2297, might have a problem during TE biopsy collec-
tion or WGA. From cfDNA samples, the flanking region
of MYO7A was amplified in 11 samples. A total of 10
PCR amplicons were obtained from both TE biopsy and
cfDNA, which allowed for the comparison of MYO7A mu-
tations. A biallelic mutation was detected from cfDNA in
embryo E2285, whereas E2295 had a 1bp deletion homo-
zygous mutation (Fig. 3). However, Sanger sequencing re-
sults from E2285 and E2295 TE biopsy samples indicated
there was only a wild-type MYO7A sequence. Similarly,
the TE biopsy sample from E2294 revealed a heterozygous
mutation, but the corresponding ¢fDNA amplicon showed
only the wild-type sequence.

DISCUSSION

CRISPR/Cas9 opens the door to the production of ge-
netically modified NHPs utilizing direct injection into
the cytoplasm of developing NHP zygotes. This approach
allows for more efficiently produced genetically modi-
fied NHPs by bypassing somatic cell nuclear transfer.
Considering the long gestation period, housing costs, and
ethical issues of utilizing NHPs for biomedical research,
a preimplantation genetic test (PGT) is one of the most
critical steps before embryo transfer to produce the de-
sired genetically modified NHPs. The most widely used

PGT method analyzes biopsied blastomeres or TE cells
that comprise the external cell mass of the embryo (Braude
et al., 2002). However, embryo biopsy approaches re-
quire highly skilled personnel and specialized equipment.
Moreover, negative effects on viability and implantation
following biopsy were reported (Cimadomo et al., 2016).
We hypothesized that we could instead use cfDNA, frag-
mented DNA released by the embryo, as a non-invasive
approach for confirming genetic modification (Traver et
al., 2014).

In this study, we utilized ¢fDNA from single embryo cul-
ture media. Through WGA and PCR, the flanking region
of the targeted region of the MYO7A gene was successfully
amplified from both cfDNA and TE biopsy samples. Three
embryos showed mismatched sequencing results between
cfDNA and the corresponding TE biopsied sample. Bial-
lelic and homozygous mutations were detected from two
cfDNA samples (E2285 and E2295), while their corre-
sponding TE biopsy samples carried wild-type sequences.
These discrepancies may have been caused by embryo
mosaicism. It may be difficult to determine mutations in
the whole embryo since TE-biopsied samples only have
10-15 cells, less than 10% of the whole embryo cell popu-
lation. Similar results were reported in other species, such
as sheep and pigs (Vilarino et al., 2018; Cho et al., 2020).
Those studies indicated that results from embryo TE bi-
opsy samples were not always identical to whole animals
or to the rest of the embryo due to mosaicism.

Another source of the discrepancy between TE biopsy
and cfDNA results may be due to cell death induced by
CRISPR/Cas9 itself. CRISPR/Cas9 has been shown to
generate abnormal chromosome structures, such as large
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deletions or insertions, causing cell death and the release
of DNA fragments into the culture media (Zuccaro et al.,
2020; Alanis-Lobato et al., 2021). In one embryo, se-
quencing results from cfDNA indicated no mutation in the
MYO7A gene, while the corresponding TE biopsy sample
showed a heterozygous mutation. This result may be
caused by the contamination of maternal DNA. Previous
studies have shown that cfDNA contains maternal DNA
as well as mitochondrial DNA, thereby precluding it from
being suitable for detecting aneuploidy (Hammond et al.,
2017).

In this report, we show that there are limitations to us-
ing cfDNA to identify the target gene mutation during
embryogenesis, with the main issues being mosaicism and
maternal DNA contamination. To overcome these prob-
lems, the problem of DNA contamination must be solved
to improve accuracy. Also, the problem of mosaicism may
be solved by improving targeting efficiency via adjusting
injection timing or concentration of injection materials
(Tanihara et al., 2019).
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