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Abstract

In biomedical researches, laboratory animals bridge the gap between in vitro studies and clinical
medicine. Although the small rodents, such as mice and rats, are the most popular laboratory animal,
rodent models are insufficient as diabetic models for preclinical research to evaluate the efficacy and
safety of autologous and xeno-islet cell transplantations. Non-human primates (NHPs) also play
important roles in preclinical research in the biomedical sciences. The common marmoset is a small
New World primate that is native to the Atlantic coastal forests in northeastern Brazil in South
America. Adult marmosets have an average height of 25-35cm, and weight 200-500g. Marmaosets take
15months to mature sexually, carry babies for 5Smonths and often give birth to 2-3 young.
Streptozotocin (STZ) is a common diabetogenic drug that selectively damage pancreatic islets after
uptake via the Glut2 glucose transporter. However, the expression of Glut2 in beta cells in the New
World monkeys was lower than that of Old World monkeys. Therefore, New World monkeys are
inappropriate STZ-induced diabetic models. Recently, the common marmoset can be used to generate
genetically modified research models. Genetically modified NHPs would provide a powerful
experimental model to assess the safety and efficacy of new therapies and to develop new drugs. The
aim of our study is to establish diabetic marmoset model to introduce the mutation for
diabetes-associated gene by genome-editing technique using Platinum TALEN and CRISPR/Cas
system.

Given that the ethical concerns regarding use of NHPs, it is important to validate the modified
gene using other laboratory animals. Because NHPs should be maintained by non-sibling mating,
dominant mutation of the modified gene would be suitable to generate genetically modified diabetic
NHPs models to express phenotype. First, We evaluated the gene-editing constructs to introduce
diabetes-associated gene mutation in mice. To introduce mutation in diabetes-associated gene, in vitro
synthesized Platinum TALEN mRNAs for diabetes-associated gene and ssODN were co-injected into
the cytoplasm of pronuclear stage mouse embryos. We found that 44.4%(34/76) of the pups carried
the mutations and 6 of them (17.6%) carried diabetes mutation. We also have established four
independent lines, which carried independent diabetes mutations. Blood glucose levels of mice
carrying heterozygous mutation for diabetes gene were markedly higher than those of control mice at
4weeks of age. Insulin tolerance test revealed that diabetic mice have a normal glycaemic response to
exogenous human insulin. These results indicated that the mutations in diabetes-associated gene
caused hyperglycemia in mice, and suggested that the same mutations could also cause hyperglycemia
in marmotset.

Genome editing technologies enable the modification of target genes in marmosets, and recently,
the generation of target gene knockout (KO) NHPs was reported. In this study, we developed methods
to estimate mosaicism before target gene KO in animals via genome-editing technologies and



examined the efficiency of target gene modification using established methods. In vitro synthesized
zinc finger nuclease (ZFN) mRNA (final concentration 8 ng/uL) was injected into the cytoplasm of
pronuclear-stage embryos. The mRNA-injected embryos were cultured in medium for early embryos
under 5% CO2, 5% O, and 90% N at 37°C until reaching the 8-cell stage. The 8-cell stage embryos
were split into blastomeres for analysis, and the blastomeres were subjected to polymerase chain
reaction (PCR). After PCR, CEL-1 assays were performed using the Surveyor Mutation Detection Kit
(Integrated DNA Technologies, Inc., Coralville, 1A, USA). The results of the CEL-1 assays showed
that the genetic modification rate, estimated from the number of mutant blastomeres, was 37.5% (3/8)
for HiFi-ZFN and 100% (8/8) for eHiFi-ZFN. Furthermore, sequence analysis revealed that
eHiFi-injected embryos contained only two types of mutant target genes. These results suggest that
genome modification in eHiFi-ZFN-derived embryos occurred at an early cell stage. Using this
method, we were able to estimate the mosaicism in target gene KO marmosets before proceeding with
genetically modified animal production.

To produce a diabetic marmoset model via gene modification, we validated diabetes-associated
gene modification using Platinum transcription activator-like effector nucleases (TALENS) in
marmoset embryos. In vitro synthesized Platinum TALEN mRNA, adjusted to a final concentration of
4 ng/uL, was injected into the cytoplasm of pronuclear-stage embryos. The mRNA-injected embryos
were cultured in medium for early embryos under 5% CO2, 5% O, and 90% N, at 37°C until
reaching the 8-cell stage. The 8-cell stage embryos were transferred to medium for late embryos and
cultured until reaching the morula to blastocyst stage. PCR and CEL-1 assays were carried out in
cultured embryos using the Surveyor Mutation Detection Kit. The CEL-1 assays showed that the
genetic modification rate, estimated from the number of mutant embryos, was 33.3% (2/6 PCR
samples). Furthermore, sequence analysis revealed that the Platinum TALEN-injected embryos
contained two types of mutant diabetes-associated genes, but these remained as intact sequences.
However, the injected embryos were intact. These results suggested that the marmoset
diabetes-associated genes were modifiable by Platinum TALENS, and this will facilitate the efficient
production of diabetes-associated gene KO marmosets.

To decrease the intact blastomeres, reconstructed Platinum TALENs and CRISPR/Cas9 were
used to investigate diabetes-associated gene modifications in marmoset embryos. Newly constructed
Platinum TALENs mRNA and CRISPR/Cas9 (crRNA/tracrRNA with Cas9 nuclease) were injected
into marmoset embryos, and were treated with acidified Tyrode’s solutions to drill the zona pellucida.
The naked embryos were washed and were split into single cells using glass capillaries. The single
blastomeres from 8-cell embryos were examined for target gene modifications. In addition, to
investigate the possibility that cleavage activity is improved by protein stability at low temperatures,
we cultured Platinum TALEN-injected embryos under low temperature conditions (30°C). Low
temperature-cultured embryos were arrested at the 1—4-cell stage on day 5. On day 5 after Platinum
TALEN injection, the embryos cultured under the typical temperature (38°C) comprised 33.3%
4—8-cell-stage embryos, 44.4% 1-4-cell-stage embryos, and 22.2% dead embryos. On day 5 after
CRISPR/Cas9 injection, the embryos comprised 44.4% 4—8-cell-stage embryos, 44.4% 1—4-cell-stage
embryos, and 11.1% dead embryos. Furthermore, the target gene modification rates in embryos



cultured at low temperature after Platinum TALEN injection were 100% (2-cell stage), 100% (2-cell
stage) and 66.6% (3-cell stage). The target gene modification rates in embryos cultured at 38°C were
100% (8-cell stage), 71% (7-cell stage), and 60% (5-cell stage). On the other hand, the gene
modification rates in CRISPR/Cas9-injected embryos were 88% (8-cell stage), 100% (6-cell stage),
50% (6-cell stage), and 100% (3-cell stage). These results suggest that CRISPR/Cas9 was better both
of efficiency and rate of development for this gene modification. We demonstrated that efficient
acquisition of diabetes-associated gene modifications in marmoset embryos via genome-editing
technologies. Although the further study is required to establish genetically modified diabetic
marmoset model, our results strongly suggest that diabetes-associated gene-modified marmosets can
be generated using genome-editing technologies. Diabetic marmoset model is useful for preclinical
research to evaluate the efficacy and safety of autologous and xeno-islet cell transplantations.
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