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Summary

The SBB is of the opinion that the genetic modifications induced in plants and animals by the
transient presence of the CRISPR/Cas9 system delivered as purified ribonucleoprotein with or
without a homologous repair DNA template, as described in the present request, are similar in type
and extent to those that can be obtained via natural or induced (using chemical or physical agents)
mutagenesis and can thus be considered as a form of mutagenesis.

The SBB is of the opinion that mutagenesis using the described applications of the CRISPR/Cas9
system in plants and animals provides for increased specificity and leads to fewer unintended
effects compared to conventional mutagenesis techniques and does not raise additional safety
concerns in the context of the intended uses.

The SBB considers that mutagenesis using the described applications of the CRISPR/Cas9 system
is a technique of genetic modification that does not involve the use of recombinant nucleic acid
molecules or genetically modified organisms (GMOSs) in the meaning of the chapeau of Bijlage 15 B
of the Decree of the Flemish Government of 6 February 2004 (Annex Il Part A of Directive
2009/41/EC).

The SBB therefore concludes that the intended uses under containment of animals and
plants genetically modified as described in the present request should be considered for
exclusion from the scope of the Decree of the Flemish Government of 6 February 2004,
according to Annex 15 B of this Decree (Annex Il Part A of Directive 2009/41/EC).

Generally, with regards to organisms genetically modified using the transient presence of the
CRISPR/Cas9 system delivered as purified ribonucleoprotein according to the so-called SDN-1 or
SDN-2 approaches, the SBB considers that the exclusion from the scope of the GMO legislation
should apply to:

- all uses (with or without specific containment measures) involving such genetically modified
plants;

- all cases where such genetically modified animals are used as models for research &
development under containment.

In all other cases where such genetically modified animals are used (e.g. in commercial breeding
programmes), the SBB considers that the exclusion from the scope of the GMO legislation should
only be granted on a case-by-case basis following a preliminary risk assessment, given the lack of
history of use of mutagenesis techniques in these cases.

The rationale presented above needs to be reassessed in case the CRISPR/Cas9 system would be
used according to the SDN-1 or SDN-2 approaches to create mutations that go beyond small
nucleotide deletions and/or insertions as described in the present request.

This advice is delivered without prejudice to any further legal interpretation of the terms and
provisions of the EU GMO Directives (2009/41/EC and 2001/18/EC) adopted at Belgian or EU level.
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Background

On 6 July 2016 the Biosafety and Biotechnology Unit (SBB) received a request to advise the Flemish
Competent Authority (“Vlaamse overheid, Departement Leefmilieu, Natuur & Energie, Afdeling
Milieuvergunningen”) about the regulatory status within the meaning of the GMO legislation of certain
plants and animals genetically modified using the transient presence of the CRISPR/Cas9 system
delivered as purified ribonucleoprotein with or without a homologous repair DNA template. This request
was made following a question from a Belgian research institute whether or not the Decree of the
Flemish Government of 6 February 2004 (VL, 2004) transposing Directive 2009/41/EC (EC, 2009)
should apply to activities under containment involving these CRISPR/Cas9-modified organisms.

To substantiate its request the Belgian research institute provided a short description of the
experimental approaches used to generate the modified organisms to be handled under containment.

To prepare its advice the SBB has taken into consideration the information provided by the Belgian
research institute, as well as the scientific literature and other relevant information dealing with genome-
editing techniques in plants and animals (summarized in the introduction below).

Introduction
Conventional mutagenesis

Mutations are the basis of genetic variation and mutant populations are indispensable genetic
resources in all organisms. This variation can be either naturally occurring or, in plants, animals and
lower organisms, induced by chemical or physical treatments.

Conventional mutagenesis techniques are based on the fact that chemicals or irradiation induce
damage to DNA, including double-strand breaks (DSBSs), that is not always faithfully repaired. Two
mechanisms of DSB repair can be used by the cell, the non-homologous end joining (NHEJ) pathway or
homologous recombination (HR)-based repair (Wyman and Kanaar, 2006). The NHEJ repair simply re-
joins the broken DNA ends without the use of a homologous template. This can result in unfaithful
repair, creating nucleotide insertions and/or deletions (indels) at the site of the break. HR is a more
precise mechanism in which an undamaged homologous DNA sequence serves as an information
source for the repair. HR plays a major role during meiosis. In eukaryotic somatic cells, including plant
cells, the NHEJ pathway is generally preferred (EFSA, 2012).

In plants, conventional mutagenesis techniques (using chemicals such as ethyl methane sulphonate —
EMS, or irradiation via UV, X-rays or gamma rays) have been widely applied since decades in research
& development but are also playing a significant role in plant breeding. The widespread use of mutation
techniques in plant breeding programmes throughout the world has generated more than 3200 officially
released mutant varieties from 214 different plant species (FAO/IAEA Mutant Variety Database,
https://mvd.iaea.org/).

There are two serious limitations to the use of induced physical and chemical mutagenesis in plant
breeding (EFSA, 2012): (i) the deleterious effects associated with most newly introduced mutations and
(i) the untargeted and unspecific character of the processes. From a large mutagenized population,
extensive selection and backcrossing is subsequently required to identify desirable phenotypes and
eliminate the undesirable ones.

In animals, physical and chemical means have been used to induce deletion mutations in animal
models such as mouse (Silver, 1995). EMS is used in many invertebrate species for mutagenesis,
whereas the chemical mutagen N-ethyl-N-nitrosourea (ENU), which induces point mutations, is used
routinely since the 80’s in forward (phenotype-driven) genetic screens on animal models for biomedical
research (Stottmann and Beier, 2014; Wansleeben et al., 2011).

Contrary to plants the application of physical and chemical mutagenesis in animal breeding is very rare
(see e.g. Kuroyanagi et al., 2013).
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Genome-editing techniques

During the past decade, genome-editing (or gene-editing) techniques have been developed that allow
the direct modification of the genome at specific locations. They generally use nucleases that cleave
DNA at specific sites and trigger the cell’s own repair mechanisms. These so-called “site-directed
nuclease” (SDN) techniques are evolving continuously and rapidly, both in terms of their applications
and the types of nucleases used (Hilton and Gersbach, 2015; Podevin et al., 2013). The later include
zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENS), meganucleases
(MN) and the clustered regularly interspaced short palindromic repeat (CRISPR/Cas9) system, but new
gene-editing systems are under development (Ledford, 2016).

Applications of the SDN techniques are generally grouped in three categories (figure 1):

- In SDN-1 applications, only the SDNs are introduced (stably or transiently), generating site-specific
point mutations, short insertions/deletions (indels) or excision by NHEJ.

- In SDN-2 applications, a homologous repair DNA template (donor DNA) is introduced together with
the SDN complex to induce specific nucleotide sequence changes by HR. This approach can result in
minor or more substantial changes to the nucleotide sequences of the target gene.

- In SDN-3 applications, a large stretch of exogenous donor DNA (up to several kilobases) is introduced
together with the SDN complex to target DNA insertion into a predefined genomic locus. The insertion
can take place either by HR or by NHEJ.

SDN complex at target site

no yes es + donor DNA
NHEJ HR HR or NHEJ
: == = = =
t f 1 i ' f
random repair gene modification DNA insertion
PM/InDel or excision atone or more positions viaHR or NHEJ
SDN-1 SDN-2 SDN-3

Figure 1: Applications of site-directed nuclease (SDN) techniques (Source: EFSA, 2012)

The components of the SDN system (nuclease and possibly guide RNA) can be delivered into the cells
in different ways.

In plants, a commonly used approach involves the stable integration and constitutive expression of the
SDN-encoding gene(s) into the host genome. Once the SDN-mediated targeted mutation of the plant
genome has been achieved, the introduced SDN gene(s) can be removed by segregation. To
circumvent the integration of SDN encoding sequences as foreign DNA, transient delivery can be
achieved using for example non-integrative DNA-based expression plasmids, some viral vectors or
nuclease encoding mRNASs. In some cases, the components of the SDN system themselves can be
delivered directly (see e.g. Woo et al., 2015 and Subburaj et al., 2016 for CRISPR/Cas9).

In animals, delivery can be achieved using viral vectors that do not integrate into the host genome
(integrase-deficient lentiviral vectors, adenoviral vectors or adeno-associated virus vectors), or by
introducing via lipofection or electroporation nuclease-encoding mRNAs or plasmids that encode the
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SDN components (Pauwels et al., 2014). More recently direct injection or electroporation in animal and
human cells of the purified ribonucleoprotein CRISPR/Cas9 complex has been successfully applied
(Kim et al., 2014; Kouranova et al., 2016).

The CRISPR/Cas9 system

CRISPR is an acronym for “clustered regularly interspaced short palindromic repeats” and Cas9 is a
nuclease associated with CRISPR. The CRISPR/Cas9 system is derived from the adaptive immune
system of some bacteria and represents the most recent generation of genome editing techniques. Site-
specific modification is achieved by a single guide RNA (sgRNA, usually about 20 nucleotides) that is
complementary to a target gene or locus and is anchored by a protospacer adjacent motif (PAM). Cas9
nuclease then cleaves the targeted DNA to generate double-strand breaks, eliciting a response from
the cells’ DNA repair machinery.

In plants, the use of the CRISPR/Cas9 system is recent but the number of applications of this system
as a genome engineering tool is increasing rapidly (see e.g. reviews by Bortesi and Fischer, 2015; Luo
et al., 2016; Song et al., 2016).

In animals, CRISPR/Cas9 is used more and more extensively in disease modeling, developmental
studies and therapeutic applications including gene therapy (see e.g. Riordan et al., 2015; Sander and
Joung, 2014; Singh et al., 2015; Yang et al., 2014). Direct microinjection of the editing reagents into the
cytoplasm of zygotes has also paved the way for generating founder animals of genetic lines with
enhanced productivity or disease resistance traits (Tan et al., 2016).

Genome editing and off-target mutations

Specificity is an important endeavor for all genome editing technologies, including CRISPR/Cas9 (Marx,
2014). Sequence-specificity of SDN is not absolute and cleavage can occur at sites similar to but
different from the target site. Since this could possibly result in unintended mutations or translocations,
efforts have been done to predict and reduce such off-target activity (COGEM, 2014; Pauwels et al.,
2014).

In relation to the CRISPR/Cas9 system such efforts focus on the sgRNA and the PAM motif that were
shown to predominantly confer target specificity of the system. Off-target effects associated with the
CRISPR/Cas9 system can also be minimized by selecting target sequences that have reduced
numbers of off-target homologues in the genome. Different approaches (including in silico methods)
exist to predict genome wide off target cleavage (Kim et al., 2016a; Tsai et al., 2015; Wang et al.,
2015a). Novel types of endonucleases are also being discovered that could contribute to reduce ‘off-
site’ targeting (Belhaj et al., 2013; Kim et al., 2016b; Song et al., 2016).

In plants, the few studies published so far reported low to negligible off-target activity (Belhaj et al.,
2015, Weeks et al., 2016). In any case, the frequency of off-target mutations caused by the SDN-1 and
SDN-2 approaches is considered to be well below the frequency of unwanted mutations resulting from
chemical or physical mutagenesis agents; for example, one mutation per 150 kbp can be effected by
EMS treatment in Arabidospsis (EFSA, 2012; Greene et al., 2003; Podevin et al., 2012). Furthermore,
as in conventional breeding, unintended mutations can be segregated away during the selection and
breeding process.

In animals, various strategies have been reported to reduce off-target effects, such as the optimization
of the concentration and structure of various components of the CRISPR/Cas9 system (Cho et al.,
2014; Kleinstiver et al., 2016; Zhang et al., 2015) or shorter duration of Cas9 expression (Hsu et al.,
2013). It has also been shown that direct delivery of the purified ribonucleoprotein CRISPR/Cas9
complex contributes to reduce off-target activity without sacrificing on-target cleavage efficiency (Kim et
al., 2014; Wang et al., 2015b). Contrary to plants, off-target activity is a major concern in animals,
especially for therapeutic, clinical or breeding applications. Selection steps that could eliminate
unintended mutations are much more laborious and expensive than in plants. Moreover, for some
animals, considerations related to animal health and welfare should be taken into account when dealing
with risk assessment of animals for breeding purposes. Therefore approaches that minimize selection
steps and undesirable consequences and improve the precision with which gene editing outcomes can
be predicted are of even greater importance in animals.

WIV-ISP/41/SBB_2016_0549 26 August 2016
T 4/10
[ ]



Regulatory considerations

Under the GMO legislation, a genetically modified (micro-)organism is “a (micro-)organism [...] in which
the genetic material has been altered in a way that does not occur naturally by mating and/or natural
recombination” (AR-KB, 2005; EC, 2001; EC, 2009; VL, 2004). This definition is intrinsically linked to:

- A non-exhaustive list of techniques of genetic modification leading to a GMO (Annex | A, Part 1 of AR-
KB, 2005; Bijlage 15 A, Deel 1 of VL, 2004). It includes recombinant nucleic acid techniques,
techniques in which genetic material prepared outside the organism is introduced directly into the
organism (for example by microinjection), and cell fusion or hybridization techniques where live cells
with new combinations of heritable genetic material are formed;

- A list of techniques/methods of genetic modification yielding organisms to be excluded from the
Directive (Annex | B of AR-KB, 2005; Bijlage 15 B of VL, 2004), which includes mutagenesis. The
exclusion of these techniques/methods is possible only on the condition that they do not involve the use
of recombinant nucleic acid molecules or GMOs.

(Micro-)organisms genetically modified by conventional mutagenesis techniques are therefore
exempted from the EU GMO legislation. An argument underlying this exemption is that these
techniques have conventionally been used in a number of applications and have a long safety record
(recital 17 of Directive 2001/18/CE).

The regulatory status of genome-edited organisms is a matter of intense discussion by regulators and
the scientific community (see e.g. Podevin et al., 2012; Wolt et al., 2016). In relation to the SDN-1 and
SDN-2 approaches the question is whether applications of these systems fall under the definition of
genetic modification (and therefore under the GMO legislation) or whether the resulting
(micro-)organisms could be exempted from the GMO legislation by analogy to those obtained by
conventional mutagenesis.

From a science-based perspective, there are arguments supporting the view that the SDN-1 and SDN-2
approaches can be considered a form of mutagenesis (ACRE, 2013; EFSA, 2015; Lusser and Davies,
2013; NTWG, 2012) and that the resulting organisms are not likely to differ from products obtained by
conventional breeding or conventional mutagenesis in terms of risks posed to human health or
environment, especially if the transgenes for the machinery used for genome editing are absent from
the final product (Podevin et al., 2013).

It was also pointed out that in many cases such organisms cannot be distinguished from non-modified
organisms, raising questions about the enforceability of the GMO regulations (COGEM, 2014; Lusser et
al., 2012; Lusser and Davies, 2013).

In the case of SDN-2 further arguments have been put forward to conclude that the DNA sequence co-
delivered with the SDN complex to act as the repair template should not be considered a recombinant
nucleic acid molecule (ACRE, 2013; BVL, 2015; EFSA, 2015; Podevin et al., 2012). A same conclusion
was reached by the Belgian Biosafety Advisory Council in relation to oligonucleotide-directed
mutagenesis (BAC, 2007; Breyer et al., 2009).

These arguments, in addition to others linked to the interpretation of the GMO legislation, led several
EU member states to conclude that organisms obtained by the SDN-1 (ACRE, 2013; BVL, 2015; HCB,
2016; Schaart and Visser, 2009; SWE, 2015) and SDN-2 (ACRE, 2013; BVL, 2015; HCB, 2016;
Schaart and Visser, 2009) approaches should be considered for exclusion from the GMO legislation.
For others a precautionary approach should be adopted, taking into account the uncertainties and
limited knowledge on the mode of action of certain types of modifications (Eckerstorfer et al., 2014).
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Scientific assessment
Description of the experimental approaches used by the Belgian research institute
The following types of genetic modification are subject to the present request:

1. Purified CRISPR/Cas9 components (protein and sgRNA) are directly injected into rodent zygotes or
transferred into plant protoplasts. As a result of the cell’s natural DNA-repair process at the double
strand breaks induced by the CRISPR/Cas9 system (using non-homologous end joining) point
mutations or short deletions (variable length) are created at target loci in the cell genome. The
resultant young rodents or plant protoplasts with the most suitable gene modifications are
subsequently selected (based on genotyping) and used for further work.

2. Same approach as described in point (1) above with the exception that the purified CRISPR/Cas9
components are injected into rodent zygotes or transferred into plant protoplasts together with a
donor DNA (single-stranded or double-stranded) homologous to the target site with the exception of
the few base pairs corresponding to the intended gene modification. When this DNA is used as a
template during the cell’s natural DNA-repair process at the double strand breaks induced by the
CRISPR/Cas9 system (using homologous recombination), the intended gene modification is
precisely incorporated at the target site.

Concerning the approach as described in point (1)

The SBB is of the opinion that these applications of the CRISPR/Cas9 system fall within the SDN-1
approach, i.e. an approach used to generate site-specific mutations (small nucleotide deletions and/or
insertions - Indels - at one target site, or deletions, duplications or inversions of DNA sequences
between two target sites) via the transient presence of the CRISPR/Cas9 components without the use
of an exogenous DNA template.

The alterations of the genetic material (mutations) in the animals and plants occur via nhon-homologous
end joining (NHEJ), which is a cell’s own error-prone process that frequently results in small sequence
insertions or deletions (indels).

The type of genetic modifications obtained is not similar to the type of genetic modifications that are
usually obtained using recombinant nucleic acid techniques, direct introduction of heritable material
prepared outside the organism, or cell fusion or hybridization techniques (i.e. techniques listed in Bijlage
15 A of VL, 2004).

The type and extent of genetic modifications obtained is similar to what can be obtained by chemical
mutagenesis, by irradiation or by spontaneous natural mutations, and are not distinguishable from
them. The genetic modifications are a result of the cellular DNA repair mechanisms of the host and can
occur naturally.

Off-target changes that could be induced by these applications of the CRISPR/Cas9 system are of the
same type as those changes produced by conventional mutagenesis techniques, therefore not raising
additional safety concerns.

These applications of the CRISPR/Cas9 system can be considered a refinement of the conventional
mutagenesis (using chemicals or ionizing radiation) with an increased specificity and fewer unintended
effects.

Concerning the approach as described in point (2)

The SBB is of the opinion that these applications of the CRISPR/Cas9 system fall within the SDN-2
approach, i.e. an approach used to generate site-specific mutations (small nucleotide deletions and/or
insertions - Indels - at one target site) via the transient presence of the CRISPR/Cas9 components and
of an exogenous DNA serving as template for the DNA repair.
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The alterations of the genetic material (mutations) in the animals and plants occur via homologous
recombination (HR), which is a cell’s own error-free repair of a double strand break in DNA, in which the
broken DNA molecule is repaired using a homologous sequence.

The type of genetic modifications obtained is not similar to the type of genetic modifications that are
usually obtained using recombinant nucleic acid techniques, direct introduction of heritable material
prepared outside the organism, or cell fusion or hybridization techniques (i.e. techniques listed in Bijlage
15 A of VL, 2004).

The exogenous DNA used as template for the DNA repair should not be considered as being a
recombinant nucleic acid molecule in the meaning of Bijlage 15 A of VL, 2004. Indeed a recombinant
nucleic acid molecule can be defined as a molecule that is generated by joining two or more nucleic
acid molecules (EFSA, 2015).

The type and extent of genetic modifications obtained is similar to what can be obtained by chemical
mutagenesis, by irradiation or by spontaneous natural mutations, and are not distinguishable from
them. The genetic modifications are a result of the cellular DNA repair mechanisms of the host and can
occur naturally.

Off-target changes that could be induced by these applications of the CRISPR/Cas9 system are of the
same type as those changes produced by conventional mutagenesis techniques, therefore not raising
additional safety concerns.

These applications of the CRISPR/Cas9 system can be considered a refinement of the conventional
mutagenesis (using chemicals or ionizing radiation) with an increased specificity and fewer unintended
effects.

Conclusions

In the light of the above-mentioned considerations the SBB is of the opinion that:

e From a science-based perspective, applications involving the transient presence of the
CRISPR/Cas9 system delivered as purified ribonucleoprotein with or without a homologous repair
DNA template (corresponding to SDN-1 and SDN-2 approaches) are a form of mutagenesis and do
not raise additional safety concerns as compared to conventional mutagenesis techniques.

e The mutagenesis induced by these SDN-1 and SDN-2 approaches is a technique of genetic
modification that does not involve the use of recombinant nucleic acid molecules or genetically
modified organisms in the meaning of the chapeau of Bijlage 15 B of the Decree of the Flemish
Government of 6 February 2004 (Annex Il Part A of Directive 2009/41/EC).

The SBB therefore concludes that the intended uses under containment of animals and plants
genetically modified as described in the present request should be considered for exclusion from the
scope of the Decree of the Flemish Government of 6 February 2004, according to Annex 15 B of this
Decree (Annex Il Part A of Directive 2009/41/EC).

Generally, the SBB considers that in plants, there is a widespread and long history of use of

mutagenesis techniques, both for research & development and in commercial breeding programmes. In

animals, a same history of use of mutagenesis techniques exists in the context of the development of

animal models in the lab (mainly for biomedical research), but not in breeding programmes.

Therefore, with regards to organisms genetically modified using the transient presence of the

CRISPR/Cas9 system delivered as purified ribonucleoprotein according to the SDN-1 or SDN-2

approaches, the SBB considers that exclusion from the scope of the GMO legislation should apply to:

- all uses (with or without specific containment measures) involving such genetically modified plants;

- all cases where such genetically modified animals are used as models for research & development
under containment.

In all other cases where such genetically modified animals are used (e.g. in breeding programmes), the

SBB considers that the exclusion from the scope of the GMO legislation should only be granted on a

case-by-case basis following a preliminary risk assessment.
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The rationale presented above needs to be reassessed in case the CRISPR/Cas9 system would be

used according to the SDN-1 or SDN-2 approaches to create mutations that go beyond small nucleotide

deletions and/or insertions as described in the present request.

This opinion is delivered without prejudice to any further legal interpretation of the terms and provisions

of the EU GMO Directives (2001/18/EC and 2009/41/EC) adopted at Belgian or EU level.
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