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Abstract

Non-human primates (NHPs) have been proposed as good models for neurodevelopmental
disorders due to close similarities to humans in terms of brain structure and cognitive function.
The recent development of genome editing technologies has opened new avenues to generate and
investigate genetically modified NHPs as models for human disorders. Here, we review the early
successes of genetic NHP models for neurodevelopmental disorders and further discuss the
technological challenges and opportunities to create next generation NHP models with more
sophisticated genetic manipulation and faithful representations of the human genetic mutations.
Taken together, the field is now poised to usher in a new era of research using genetically modified
NHP models to empower a more rapid translation of basic research and maximize the preclinical
potential for biomarker discovery and therapeutic development.

A new era for non-human primate models in neurodevelopmental disorders
research

Recent large-scale genomic studies have revealed the significant contribution of genetic
factors in the etiology of neurodevelopmental disorders. In the case of autism spectrum
disorders (ASD), the largest classification of neurodevelopmental disorders, rare genetic
mutations or chromosome abnormalities are thought to be causal for up to 10-20% of cases
[1]. Genetically modified mice targeting these identified risk genes and associated
chromosomal abnormalities have provided important insights into gene function and the
potential pathophysiological mechanisms of neurodevelopmental disorders. Although mouse
models have been the dominant model for preclinical research, direct translation of research
outcomes from mice into new treatments for human patients has proven difficult, or
impossible. 80 million years of evolutionary distance between the human and the mouse is
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evident across all domains of scientific investigation, including genomic, transcriptome,
molecular, cellular, circuit, anatomical, physiological, cognitive, and behavioral studies
[2-4]. Thus, additional models with brain structure and function closer to that of human are
needed to complement rodent models to advance our understanding of neurobiological
mechanisms as well as development of effective treatment. [3,4].

Non-human primates (NHPs), such as cynomolgus (crab-eating) and rhesus macaque
monkeys or the common marmoset, are phylogenetically much closer to humans than
rodents. NHPs share with humans many brain regions, circuits, and cell types critical for
higher cognitive capacity [5]. For example, NHPs have a well-developed prefrontal cortex
(PFC), a region dramatically expanded in primates and one of the largest and most-
developed regions in the human brain, whereas rodents have a much smaller PFC. The
dorsolateral PFC forms neural circuits connected with other cortical areas and subcortical
regions, and mediates various cognitive functions such as decision making, working
memory, executive function, and attention control, which are often affected in brain
disorders. At the cellular level, recent single cell transcriptomic analyses revealed significant
differences in molecular signatures and primate-specific cell types [6]. In addition, NHPs
have higher cognitive and social communication abilities expressed through complex
behavioral repertoires including face recognition, eye gazing, and vocalization that more
closely resemble humans and are difficult to study in rodents [2-4]. Thus NHPs are expected
to be better animal models for studying the function and dysfunction involving PFC-related
circuits and behaviors in brain disorders [2-4]. Despite these potential advantages, the value
of NHPs to study the biological mechanisms underlying human disorders has not been
realized due to the lack of technologies to precisely manipulate NHP genomes to model the
genetic mutations and chromosomal abnormalities found in human patients. However, recent
advances in CRISPR-mediated genome editing technologies are changing the field by
enabling precise modification of genomes virtually in any cell type in any species, including
NHPs.

In the past decade, we have witnessed a second “Big Bang” in scientific advancement via the
CRISPR revolution [7]. CRISPR (clustered regularly interspaced short palindromic

repeats) / Cas (CRISPR-associated) systems are programmable nucleases that cut target
genomic site(s) with extremely high efficiency and specificity. At the target site, a CRISPR-
induced DNA double strand break (DSB) is repaired through cellular DNA repair machinery
called non-homologous end-joining (NHEJ) with frequent formation of small insertions and
deletions (indels) that lead to functional knockout of the target gene. DSBs can also be
repaired through homology-directed repair (HDR), which introduces nucleotide substitution
or transgene insertion under the presence of repair template leading to precise knockin into
the target gene, although HDR efficiency is much lower than that of NHEJ in many cell
types. CRISPR has been engineered to be a multi-operational molecular platform that can be
harnessed for single base substitution without DSB by base editing, HDR-independent
substitution and modification with less indels by prime editing, transposon-based transgene
insertion, RNA editing, transcriptional activation and repression, epigenome editing, live
imaging of the genome and RNA, manipulation of chromosomal locations, and more [7]
(Table 1).
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CRISPR-mediated genome editing has been rapidly applied to generate mutant NHP models
by manipulation of genome directly in zygotes [8]. More than 10 mutant NHP lines, mainly
knockout by NHEJ, but also a few knockin lines by HDR, have been reported in
cynomolgus, rhesus, and marmoset (also by other tools such as ZFN (zinc-finger nuclease)
[9] and TALEN (transcription activator-like effector nuclease) [10]) (Table 2). These recent
advances in generating mutant NHPs have demonstrated the feasibility, robustness, and
power of CRISPR-mediated genome editing in NHPs, and opened exciting avenues to
investigate genetically modified NHPs as models for the biological underpinnings of human
disorders.

Early success of genetically modified NHPs for neurodevelopmental

disorder research

Rett syndrome

Rett syndrome (RTT) is a severe monogenic neurodevelopmental disorder caused by
heterozygous mutation in the X-linked MECPZ gene. Hemizygous MECPZ mutation in
males is largely embryonic lethal, therefore RTT patients are predominantly female. Females
exhibit normal development in the first 6-18 months of life, but subsequently lose previously
acquired motor function and social communication, eventually developing symptoms shared
with other neurodevelopmental disorders, such as stereotypical hand movements, seizures,
and intellectual disability. Although mutant mice have been used in multiple studies
exploring the mechanisms of Rett syndrome, neurological abnormalities are less severe than
what is seen in human RTT patients. Additionally, Mecp2 hemizygous mutant male mice are
viable while heterozygous mutant female mice exhibit only mild symptoms in adulthood
[11].

MECPZknockout cynomolgus monkeys are one of the earliest successful cases of mutant
NHP production and founder (FO) generation mutant monkeys have been deeply
characterized [10,12-15]. Mutant MECPZ monkeys demonstrate remarkable similarities to
human RTT syndrome patients in several aspects [12]: 1) Male mutant monkeys are
embryonic lethal, consistent with human male RTT patients. 2) Female mutant monkeys
(with mosaicism) are viable and MECP2 protein levels are decreased to roughly half of
control wild-type monkeys, resembling heterozygous MECP2 mutation in human female
RTT patients. 3) Behavioral analyses have revealed a wide variety of abnormalities in female
mutant monkeys that are consistent with human RTT patients, including fragmented sleep,
reduced sensitivity to sensory stimuli, such as pain and noise, reduced social interaction, and
increased stereotyped repetitive behaviors. 4) Eye-tracking tests have shown that mutant
monkeys exhibit poor recognition of emotional facial expressions such as aggressive and
submissive monkey faces, consistent with human RTT patients. 5) Structural MRI (Magnetic
Resonance Imaging) has revealed decreases in subregional gray matter and white matter
volumes, cortical surface area, and cortical thickness in mutant monkeys, consistent with
human RTT patients. 6) Mutant monkeys showed reduced heart rate and extended QT
interval, consistent with cardiac-related changes in human RTT patients. 7) Finally, blood
transcriptome analyses have revealed downregulated immune pathways and upregulated
RNA processing and protein translation pathways in both mutant monkeys and human RTT
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patients. These close similarities in genetics, transcriptome, anatomy, physiology, and
behavior of MECP2 mutant monkeys to human RTT patients demonstrate the potential value
of genetically modified NHPs for RTT research. Although several other important RTT
symptoms such as regression of previously acquired skills, seizures, and cognitive deficits
have not yet been addressed in FO mutant monkeys, next generation mutant monkeys with
pure heterozygous mutations may provide further insights of pathogenesis of RTT as well as
developmental trajectories of the symptoms, both of which are critical for understanding
disease mechanisms and testing potential therapeutics.

Phelan—McDermid syndrome and autism spectrum disorders

Phelan—-McDermid syndrome (PMS) is a rare neurodevelopmental disorder characterized by
hypotonia, generalized developmental delay, intellectual disability, ASD-like behaviors, and
delayed or absent speech [16]. About 75% of PMS patients are diagnosed with ASD, and
PMS is one of the most frequent causes of ASD. The core symptoms of PMS are caused by
the heterozygous deletions in 22g13.3 encompassing SHANKS3 or the haploinsufficiency of
SHANKS3. Mutations in SHANK3also lead to neurodevelopmental and neurobehavioral
deficits and account for up to 1% of ASD [17,18]. SHANK3encodes a postsynaptic
scaffolding protein critical for the development and function of glutamatergic synapses. We
and many other groups have generated various Shank3 mutant mouse lines [19].
Homozygous Shank3 knockout mice demonstrate increased compulsive/repetitive behaviors,
impaired social behaviors, motor defects and increased anxiety (and seizure in some cases)
[20-22]. These knockout models have greatly facilitated the dissection of Shank3 function at
synapses. However, similar to RTT mouse models, heterozygous Shank3knockout mice
demonstrate only subtle [22] or no [23] phenotypes. Here again, data suggest a difference in
dosage effect of the Shank3 gene mutation between mice and humans.

To address this question, we used CRISPR/Cas9 method to generate SHANK3 mutant
cynomolgus monkeys mimicking a frameshift mutation found in ASD patients and
characterized juvenile FO mutant monkeys [24]. Among five SHANK3 mutant monkeys, 2
do not have wild-type allele at the genomic level, and thus are virtually full knockouts (1
homozygous and 1 compound heterozygous which consist of 3 different indel alleles), and 3
carried 50% wild-type alleles, and thus are heterozygous (2 are mosaic with more than one
indel alleles). Post-behavior brain biopsy analysis showed that SHANKS3 protein in the brain
are mostly gone in the full knockout monkeys and reduced approximately to 50% of
wildtype levels in heterozygous mutants. Both full knockout and heterozygous mutant
SHANK?3 monkeys exhibited multiple behavioral abnormalities including disrupted sleep,
increased stereotyped/repetitive behaviors, reciprocal social interaction deficits, reduced
vocalization, cognitive impairment, and muscular hypotonia, all of which are hallmarks of
PMS and ASD. Consistent with human ASD patients, mutant monkeys showed alterations in
pupillary reflex and gaze fixation. Furthermore, resting-state fMRI studies revealed altered
global and local functional connectivity, consistent with a dysregulated resting-state
connectivity reported in human ASD patients as a potential biomarker. Taken together, these
results as well as a case study from another group [25,26] suggest that the SHANK3 mutant
monkey is a good model for studying higher brain function and related behaviors disrupted
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in ASD and PMS. This model may also facilitate the discovery of translatable biomarker and
preclinical evaluation of therapeutics.

Towards next generation NHP models

Although initial studies of MECP2and SHANK3 mutant NHPs have shown promises for
modeling and studying neurodevelopmental disorders, several technological challenges and
opportunities warrant discussion in preparation for “next generation” genetically modified
NHP models that could maximize translational value of the approach.

Target selection

The use of genetically engineered NHP models must be scientifically and ethically well
justified for each research project. It is required to have a clear rationale to justify the use of
genetically engineered NHP models as the best way to address the critical issues with
respect to NHP-specific brain functions, such as PFC-related function and dysfunction as
well as primate-specific genes [27], cell types [6], and epigenetic regulations [28].

Faithful genomic modification

InDel/knockout: MECPZand SHANK3 mutants were generated by NHEJ-mediated indel
induction using multiple guideRNAs with CRISPR or multiple pairs of TALENS, both make
multiple DSBs (Figure 1a). This approach induces efficient functional gene knockout
through random indel formation, or defined large deletion between two DSBs. Chromosomal
abnormalities, such as megabase-sized chromosomal deletions and duplications and
inversions, are one of the frequent causes of neurodevelopmental disorders [29]. The two
DSBs approach has shown to induce these chromosomal abnormalities between two DSBs
in mouse embryos [30], with inversion as a primary outcome followed by deletion, and
much less duplication [30]. Employing this approach will be useful to generate NHPs
harboring pathogenic chromosomal abnormalities, yet further improvement of efficiency is
essential for NHP application. The outcome of NHEJ-mediated DSB repair is generally
unpredictable and often induces in-frame deletion, which can result in truncated, but still
functional protein products. Thus, more predictable editing methods are needed for 2nd
generation genetically modified NHP models if we are to precisely engineer disease-relevant
mutation into NHPs.

Precise genome engineering/knockin: Since the majority of de novo mutations found in ASD
patients are single nucleotide variations (SNVs) [31], precise installation of patient’s SNVs
into NHP genomes is essential (Figure 1b). For this purpose, HDR approaches using ssODN
(single strand oligodeoxynucleotide) donors have been explored in NHP embryos, however,
initial attempts in cynomolgus monkey embryos resulted in very little HDR-mediated
knockin with low allele frequency [32], or complete failure [33]. We have developed highly
efficient RNP (ribonucleoprotein)-based HDR approaches in mice [34,35] and demonstrate
robust knockin efficiency in marmoset embryos [36,37], yet further improvement and
reduction of undesired mutation such as indel are essential. DSB-independent, direct
substitution of target nucleotide by base editing and prime editing [7] are promising
approaches to generate “indel-free” knockin NHPs. Base editing has shown efficient
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installation of precise C-to-T (or G-to-A) and A-to-G (T-to-C) substitutions into NHP [38]
embryos. Although, guideRNA-independent, genome-wide random DNA and RNA off-
target mutations have been major concerns associated with base editing, the latest
engineered base editors have been reported to overcome off-target concerns [39], and are
now ready for application in NHP embryos.

An additional limitation of base editing is that only transitions such as C-to-T (or G-to-A)
and A-to-G (T-to-C) located within specific editing windows within guideRNAs can be
installed, thus only a fraction of human pathogenic mutations can be targeted. Alternatively,
the recently published prime editing approach provides the potential for a more flexible
method to install any type of substitution around guideRNA target sites with few indel
formation. Given the relatively recent development of these methods, it is strongly
recommended that /7 vivo testing occur in mouse embryos first to validate the approach for
animal model production and eventual translation to NHP models. Utilizing these new
methods, 2nd generation models could drastically expand the range of human mutations that
can be investigated in NHPs.

Translational considerations: The correction of causal mutations by genome editing in
monogenic neurodevelopmental disorders is getting attention as a potential promising gene
therapy. Therefore, genomic humanization of target regions will be critical for the 3
generation mutant NHP models (Figure 1c), enabling direct transfer of therapeutic CRISPR
reagents to clinical trials, and thereby maximizing the value of NHP models. Although
genomic sequences between humans and NHPs are highly conserved (~98.77%), in addition
to target mutations, multiple SNVs can be found within or flanking CRISPR target sites.
These differences in genomic sequences may impact the behavior and function of human
mutations on NHP genomic background. Humanization of target exons, in addition to target
mutations, has shown to improve the recapitulation of human patient’s pathology in
genetically modified mice [40]. HDR-mediated precise replacement of wild-type NHP
genomic target sites with humanized small mutant gene fragments is one important avenue
for further study. The precise knockin of long transgenes such as fluorescent reporter
proteins into target sites have been successfully archived in NHPs by our group (Aida T et
al., unpublished) and others [41,42]. Since DSB-stimulated HDR frequently induces indel,
trans nicking [43] and CRISPR-transposon [44], both are indel-free, will be explored.
Employing a combination of these approaches will allow 3rd generation NHP models to
have an even greater value for rapid translation of preclinical research.

Reducing mosaicism

Genetic mosaicism, in which two or more populations of cells with different genomes are
present in an individual monkey, is now recognized as a major concern in genetically
modified NHP production. In mosaicism, a single cell stage embryo has two copies of
genomes, and after DNA replication, four copies, thus genome editing after DNA replication
often results in mosaic embryos due to multiple CRISPR events. In addition, after cell
division, delayed CRISPR events may only happen in some cells. “Hit-and-Away” editing at
earlier timing is one of the major courses taken to reduce mosaicism in embryos and
successful reduction of mosaicism has been reported in human embryos [45] by delivery of
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CRISPR components as RNPs [34,35], which act immediately at target sites and degrade
quickly, into MlIl-stage human embryos. Cas9 messenger RNA (mRNA), which acts slowly
in later stage due to translation, has been commonly used for production of NHP models and
is thought to be one of the causes of mosaicism due to its delayed and prolonged action
potentially at the 2-cell or later stage. In line with this idea, destabilized Cas9 mRNA can
reduce mosaicism formation in NHP embryos [46]. Saturated genome editing activity can
also reduce mosaicism in human [47] and NHP [38] embryos. Emerging reproductive
technologies such as somatic cell cloning by somatic cell nuclear transfer (SCNT) are also
likely to have a significant impact on generation of NHP models. The successful productions
of cloned live cynomolgus monkeys by SCNT[48], combined with CRISPR-mediated
knockout [49], has opened a completely new avenue to produce genetically modified mutant
monkeys. SCNT may allow the field to potentially overcome almost all the current
challenges in mutant monkey production including precise modification of target genome
(by selecting correctly targeted somatic cells), mosaicism, allele dosage, multiplex knockin,
and CRISPR off-target. Although current SCNT success rate in NHPs is low (based on
recent reports of only ~1-5% live births from transferred embryos [48,49]), this approach
still represents a significant methodological advancement and may become a standard
approach for genome editing, similar to approaches for other livestock animals. /n vitro
induction of primordial germ cells (PGCs) following differentiation into functional sperm
and oocytes from pluripotent stem cells (PSCs) such as embryonic stem cells (ESCs) and
iPSCs (induced PSC) is another promising reproductive technology [50]. Taken together, the
improvement of genome editing and emerging reproductive technologies will likely
eliminate the mosaicism from genetically modified NHP production.

Critical need for robust ON- and OFF-target analyses

Unintended, off-target mutation is a major concern in CRISPR-mediated genome editing [7].
Genome-wide off-target analyses in genetically modified monkeys have reported few
guideRNA-dependent off-target mutations [42,51-54]. The use of engineered high-fidelity
Cas proteins, RNP, and sophisticated guideRNA design algorithms further eliminate the
possibility of guideRNA-dependent CRISPR off-target mutation [7]. Importantly, due to
highly divergent NHP genomes across colonies compared to public databases, unique SNVs
in each colony can potentially create new off-target sites (similar to genetic divergence
reported in human [55]). Thus, it is important to carefully design off-target analyses to
include appropriate controls such as parents [53], siblings [51], and unedited endogenous
cells [47,56]. Other unexpected on-target editings such as large deletions [57] and tandem
integration of multiple copies of exogenous DNA donors [58] are frequently missed by
standard PCR genotyping, thus careful design of on-target site analysis is also important.
Circular DNA or end modification of linear DNA donors [59,60] may prevent the tandem
integration of DNA donor and future studies are needed to further integrate this approach
into existing frameworks. Although guideRNA-independent mutations such as deaminase-
induced genome-wide DNA [56] and RNA [61] off-target mutations by base editing as well
as ADAR-mediated genome-wide RNA off-target mutations [62] have also been reported,
guideRNA-independent off-target mutations have been almost completely eliminated with
the latest engineered base editors [39] and the possibility of off-target mutation is now much
lower. In addition to sequencing based analyses, the reporter NHP lines for on- and off-
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target mutations are critical to evaluate the efficiency and safety of genome editing
especially for therapeutics, and are under development in NIH Somatic Cell Genome Editing
program.

Allele dosage

Haploinsufficiency is a cause of many neurodevelopmental disorders, therefore, the precise
control of allele dosage in genetically modified NHPs, in other words, heterozygous or
homozygous animals, is critical for generating more faithful models of human diseases.
Several approaches have been proposed to achieve this goal: 1) If a SNV is located on or
surrounding a target site, allele-specific editing should be considered [63]. This approach
may be flexible for knockout purposes by using two DSBs targeting specific alleles in
introns where more SNVs are available, and thus eliminate the target exon. 2) Allele-specific
targeting often induces homozygous conversion of heterozygous alleles by interhomolog
repair (recombination between two homologous chromosomes) [35,45]. This process can be
promoted by exogenous supplementation of RAD51 [35], enabling one-step production of
homozygous NHPs or self-repair of the heterozygous mutations. 3) Alternatively,
asymmetric editing capacity between paternal and maternal alleles during development of
one-cell stage embryo provides a unique time window to specifically edit paternal or
maternal alleles [64] and may also help to generate heterozygous mutant NHPs. 4) Finally,
as stated above, we believe the best approach to control genotype is to employ new
reproductive technologies, such as SCNT and PGCs.

Conclusions

In this review, we have discussed early examples of successful modeling of
neurodevelopmental disorders RTT, ASD, and PMS with genome edited mutant NHPs,
including MECP2and SHANK3knockouts. These “new models™ have shown the potentials
of genetically modified NHPs for disease-relevant behavioral analysis, circuit dissection and
translatable biomarker discovery that are beyond rodent models. Based on these early
successes, we propose a framework for creating the next generation NHP models that may
increase their translational value. We have also identified important technological challenges
and potential solutions to accelerate and disseminate genetically modified NHPs for research
and therapeutic development of neurodevelopmental disorders. Fortunately, the advancement
of genome editing technologies is incredibly fast and thus we expect most technological
challenges to be overcome in the near future. However, the most important question, whether
genetically modified NHPs can help biomarker discovery and therapeutic development for
human neurodevelopmental disorders, has not yet been answered and it will take time. The
field urgently needs a proof-of-concept pre-clinical study (and subsequent successful
translation to human trials) to truly assess the value of genetically modified NHP models.
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Highlights
. Genome editing technologies have made it feasible to generate genetically
modified NHP models
. Genetically modified NHP models have certain advantages over rodent

models for studying higher brain function and dysfunction in
neurodevelopmental disorders

. We identify challenges for pushing genetic NHP models forward identified
and propose opportunities for next generation genetic NHP models
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Figure 1. Genome editing technologies for next generation NHP models.
(a) 1st generation (1G) genetically modified NHP models for knockout and genomic

deletion by NHEJ and large deletion. (top) large deletion of multiple genes (black boxes) by
simultaneous DSBs (scissors), mimicking CNV (loss of genomic region). (bottom) Small
indel of target exon by NHEJ, resulting functional gene knockout. (b) 2nd generation (2G)
genetically modified NHP models for precise genome engineering and SNV knockin. SNV
(red) can be precisely installed by base editing and prime editing (pencil) without DSB, or
HDR with ssODN donor after DSB induction. (c) 3rd generation (3G) genetically
humanized NHP models for clinical translation. Target region or exon can be humanized
(blue) with SNV by prime editing without DSB or HDR with ISDNA or plasmid donor after
DSB induction. NHP: non-human primate, NHEJ: non-homologous end-joining, CNV: copy
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number variation, SNV: single nucleotide variation, sSSODN: single strand
oligodeoxynucleotide, HDR: homology-directed repair, ISDNA: long single strand DNA.
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Potential genome editing strategies for next generation NHP models.

G: generation, KO: knockout, CNV: copy number variation, LD: large deletion, DSBs: DNA double strand
breaks, RNP: ribonucleoprotein, HDR: homology-directed repair.

Types Methods Pros Cons New improvements
. Unpredictable outcomes Predictable algorithms [65]
KO Indel Very efficient . . .
15t Generation Unexpected truncated protein Entire gene deletion [66]
CNV (LD) 2-DSBs Efficient Unpredictable outcomes Bridging donor with RNP [67]
Variable efficiency RNP [34]
HDR Precise Indel formation Donor tethering [68]
Needs donor DNA HDR enhancers [69]
Deaminase DNA and RNA off-
Precise target mutations New variants without
. Base Editing Efficient C>TIG>A, A>G/T>C only deaminase off-target [39]
d
2" Generation SNV No DSB Bystander editing PAMless Cas9 [70]
Limited target window
Precise I
Prime Efficient NNOC} testegw:mrgal_s ykgt N
Editing Any SNVs ee stlSlgA \ and nicking one yet
Few DSB sg optimization
. . RNP [34]
Precise Variable efficiency Donor tethering and 2-cell stage
HDR Indel formation IS
Up to several kb injection [71]
. . Needs donor DNA HDR enhancers [72]
3rd Generation Humanized
Prime Precise Needs optimization
Editin Efficient Not tested in animals yet None yet
9 Few DSB Currently, up to ~40bp
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Table 2.
Genome edited NHPs.
Only mutant NHPs with relevant-phenotypes are shown. RTT: Rett Syndrome, PMS: Phelan-McDermid
Syndrome, AHC-HH: Adrenal hypoplasia congenital and hypogonadotropic hypogonadism, ADPKD:
Autosomal dominant polycystic kidney disease, PD: Parkinson’s disease, DMD: Duchenne muscular
dystrophy, SCID: Severe combined immunodeficiency.
Diseases Species Genes Mutations Phenotypes Refs
RTT Cynomolgus MECP2 KO TALEN RTT-like symptoms in het females [12]
PMS Cynomolgus | SHANK3 KO CRISPR PMS-like symptoms in homo and het monkeys | [24,26]
Longevity Cynomolgus SIRT6E KO CRISPR Prenatal death, developmental retardation [52]
Microcephaly Cynomolgus MCPH1 KO TALEN Microcephaly [73]
Circadian rhythm Cynomolgus | BMALI1 KO CRISPR Reduced sleep [74]
AHC-HH Cynomolgus DAX1 KO CRISPR AHC-HH-like symptoms [75]
ADPKD Cynomolgus PKD1 KO CRISPR Cysts formation in homo and het monkeys [63]
PD Rhesus PINK1 KO CRISPR Neurodegeneration [76]
DMD Rhesus DMD KO CRISPR Muscular degeneration [77]
Hypercholesterolemia Rhesus PCSK9 in vivo KO Meganuclease Reduced serum cholesterol [78]
SCID Marmoset IL2RG KO ZFN/TALEN Immunodeficiency [9]
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