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INTRODUCTION
E

rrors in the genetic code can be devastating to an organism if they occur 
in genes that influence cell survival or proliferation. These mutations can 
give rise to genetic diseases that severely impact a person’s health and, 
in some cases, prove lethal. It makes sense, therefore, that researchers 

would be keen to identify mechanisms that allow us to directly and selectively alter 
genomic sequences at will, enabling us to repair these types of mutations before they 
can cause disease. 

The first examples of editing cells’ genomes were published in the 1970s, when 
researchers proved that it was possible to insert new genomic sequences using 
microinjections or viral DNA carriers. In the time since then, we have refined and 
perfected the tools available to allow us to progress from inserting genes as plasmids 
to careful, precise manipulations of a genome. The techniques that have been 
discovered and developed over the last 40 years are now capable of editing single 
nucleotides in a genome containing billions of base pairs with tremendous precision; 
for the first time, we have the opportunity to correct genetic diseases at the source. 

At the same time, there is a lot of work to be done before we can implement these 
tools in vivo for patients with genetic conditions. Beyond the risks of off-target effects 
and unpredictable side effects, there are considerations that need to be made with 
regard to the societal and ethical impacts of this type of work. 

Last year, we brought you the 2017 Edition of the Gene Editing 101, which introduced 
you to some of the techniques being used by researchers and how they could be 
used to further science and help patients. Since that book was published, the field 
has seen a number of advancements, from human embryonic engineering in the UK 
and Sweden, all the way to one case of in vivo gene editing in a human patient. Now, 
we’re giving you a new edition of the 101 to bring you up to speed on everything that 
has changed in the last 12 months. 

This guide will discuss the gene editing tools currently available and how they can be 
used to manipulate genomic sequences, as well as the real world applications that 
put these tools to use. With help from our sponsors and collaborators, we have tried 
to bring you a clear, unbiased guide of gene editing. As before, this e-book is not 
intended to act as a wet lab guide for designing your experiments, but instead hopes 
to introduce you to the techniques available and how they can be used to improve 
human health and genomic understanding. 

We hope that you find this guide to be interesting and, most importantly, useful.
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ABBREVIATIONS

ACTG
Adenine, Cytosine, Thymine, 
Guanine

ASHG
American Society of Human 
Genetics

CAR-T
Chimeric Antigen Receptor T-Cell

Cas
CRISPR Associated Protein

Cas9n
Cas9 Nickase

Cpf1
CRISPR from Prevotella and 
Francisella 1 

crRNA
CRISPR Spacer RNA

CRISPR
Clustered Regularly Interspaced 
Short Palindromic Repeats

dCas9
Deactivated/Dead Cas9

dsDNA
Double Stranded DNA

DNA
Deoxyribonucleic Acid

FDA
US Food and Drug Administration

gRNA
Guide RNA

HDR
Homology Directed Repair

hfCAS9
High Fidelity Cas9

HFEA
UK Human Fertilisation and 
Embryology Authority

HIV
Human Immunodeficiency Virus

HLA
Human Leukocyte Antigen

INDEL
Insertion/Deletion Mutation

NGS
Next Generation Sequencing

NHEJ
Non-Homologous End Joining

PAM
Protospacer Adjacent Motif

RNA
Ribonucleic Acid

RNP
Ribonucleoprotein Complex

sgRNA
Single Guide RNA

SNV
Single Nucleotide Variant

ssDNA
Single Stranded DNA

TALEN
Transcription Activator-Like 
Effector Nuclease

tracrRNA
Trans-Activating crRNA

ZFN
Zinc Finger Nuclease
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CONTENTSGLOSSARY
ALLOGENIC
Cells or tissues that 
originate from the same 
species as the subject in 
question, but which are 
genetically distinct. 

AUTOLOGOUS
Cells or tissues that 
originate from the subject 
in question. 

BLUNT ENDS
The terminus of a DNA 
strand, typically at the site 
of a double strand break, 
where both strands have 
been cleaved at exactly 
the same nucleotide, i.e. 
the strands are the same 
length. 

CRISPR
An accurate, versatile 
technique that is capable 
of generating site specific 
gene editing. 

DNA POLYMERASE
An enzyme that is capable 
of reforming a double 
strand of DNA using a 
single stranded template 
and free nucleotides in the 
environment. 

DOUBLE STRAND BREAK
A break in a double 
stranded DNA chain 
in which both strands 
have been cleaved at the 
same site. 

ENDOGENOUS
Originating from within 
the organism in question. 

ENDONUCLEASE
An enzyme that is 
capable of cleaving 
a polynucleotide 
chain, such as double 
stranded DNA. 

EXON
A section of DNA or RNA 
that codes for part of a 
protein. 

GENE EXPRESSION
The process by which 
a protein is produced, 
as dictated by a coding 
genetic sequence. 

GENOME
The complete genetic data 
of an organism, containing 
both coding and non-
coding regions.

GERMLINE CELLS
Cells that are or develop 
into sex cells, which can 
therefore pass their 
genetic information onto 
any future offspring. 

KNOCKOUT
The removal or inactivation 
of selected regions within 
the genome. 

MUTATION
A DNA sequence that is 
different to a reference 
genome or the wild-type 
sequence. 

OVERHANG
The terminus of a DNA 
strand, typically at the site 
of a double strand break, 
where the two strands 
have been cleaved at 
different nucleotides, i.e. 
the strands are slightly 
different lengths. 

STABLE EXPRESSION
A type of gene expression 
that occurs when the 
gene in question is part of 
the genome and can be 
carried through multiple 
generations of the cell. 

SOMATIC CELLS
Cells that are not and 
cannot develop into 
sex cells. The genetic 
information of these cells 
will not be passed onto 
any future offspring. 

TRANSIENT EXPRESSION
A type of gene expression 
that occurs when the gene 
in question is either not 
directly present in the 
cell (i.e. was transcribed 
in vitro) or has not been 
incorporated into the 
genome. This expression 
will not be carried through 
cell division. 

WILD-TYPE
The gene variant that 
prevails in individuals that 
are subjected to natural 
conditions.
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“WITH GENETIC ENGINEERING, 
WE WILL BE ABLE TO INCREASE THE 

COMPLEXITY OF OUR DNA, AND 
IMPROVE THE HUMAN RACE.”

- STEPHEN HAWKING



CHAPTER 1:

THE TECHNOLOGY 
OF GENE EDITING



INTRODUCTION
Influencing an organism’s genetic composition to encourage desirable traits is not a new 
concept. Selective breeding, which involves producing offspring from two animals whose 
traits you wish to preserve, is a practice that has been used by humans for millennia, 
primarily in an attempt to improve food production. Despite the longevity of that practice, 
targeted chemical manipulation of DNA wasn’t developed until the ‘70s and ‘80s.

In the years since then, our understanding of how DNA sequences can be altered and what 
tools are at our disposal to do so has increased tremendously. Interest in the field has 
been growing at the same rate, as we’ve uncovered techniques that allow us to precisely 
and accurately change nucleotides. Now, more than ten new papers discussing the gene 
editing technique CRISPR are published every day. 

This chapter will outline the types of gene editing technologies that are available and 
how they can be used to exploit the natural cellular mechanisms of DNA repair, creating 
mutations in the target sequence. 

DNA REPAIR
Human DNA suffers damage in the form of strand breaks on a daily basis, usually as a 
result of natural cellular processes or external influences, such as radiation or toxins. On 
average, it is thought that a single human cell will develop more than 10,000 damage sites 
every day, and in organisms with higher rates of metabolism, such as rats, the rate can be 
as high as 50,000 sites per day. The rate of damage is so high that without a natural repair 
mechanism, our cells would be entirely unsustainable. 

To prevent our DNA from degrading completely, cells have several different tools for 
repairing strand breaks that can adapt to different situations. These tools exist in all cells 
and are vital to the survival of the organism. In humans, there are two main techniques for 
repairing a double strand break: Homology Directed Repair (HDR) and Non-Homologous 
End Joining (NHEJ). 

“TO PREVENT 
OUR DNA FROM 
DEGRADING 
COMPLETELY, 
CELLS HAVE 
SEVERAL 
DIFFERENT 
TOOLS FOR 
REPAIRING 
STRAND 
BREAKS THAT 
CAN ADAPT 
TO DIFFERENT 
SITUATIONS. 
THESE TOOLS 
EXIST IN ALL 
CELLS AND 
ARE VITAL TO 
THE SURVIVAL 
OF THE 
ORGANISM.”
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HDR:

HDR is the more accurate method of DNA 
repair, but it is also the least commonly 
used. The system works by using a 
second, unbroken copy of the damaged 
gene as a template, against which the 
break can be repaired. The technique 
proceeds as follows:

1. The template sequence is unravelled 
to produce a small section where the 
double strand has split into two single 
strands of complementary DNA. 

2. The end of one of the broken single 
strands binds in a complementary 
manner to the donor DNA. 

3. DNA polymerase synthesises a new 
double strand that contains one strand 
from the template sequence and one 
strand from the broken gene, using 
nucleotides funnelled into the cellular 
environment.

4. The two unbroken strands disassociate 
and the DNA template sequence 
reforms its original structure. 

5. DNA polymerase uses the newly 
repaired single strand of the broken 
gene to synthesise the second strand, 
generating dsDNA that is identical to 
the sequence prior to the break. 

In practice, this technique is not entirely 
accurate. DNA polymerase can make errors 
when regenerating a double strand and, 
while there are proof-reading mechanisms 
in place, some errors may go unchallenged. 
When this happens, a single nucleotide 
variant (SNV) is created at the site of the 
original break. A large number of these 
mutations will have little to no effect on the 
activity of the gene but, in some cases, they 
can heavily impact its function, potentially 
resulting in a genetic disease. When this 
happens, it can be devastating to a cell, but 
this is a very rare occurrence. Using HDR, 
very few mistakes will be made and the risk 
of mutation is low. 

The low mutation rate of HDR makes it 
the most accurate way for a cell to repair 
double strand DNA damage. Despite this, 
the technique is used at a much lower rate 
in natural cells than its counterpart, NHEJ. 
This is because HDR requires an intact copy 
of the damaged gene to be in proximity to 
the site of the break so that it can act as a 
template, and this is very rarely the case. It 

is usually only during the G2 and S phase of 
the cell cycle, just prior to cellular division, 
that a homologue gene will be available and 
the process can take place.

During gene editing, this limitation can be 
avoided by intentionally providing a DNA 
template, which is then copied into the 
site of the break as an insertion mutation. 
By selectively creating a DNA break using 
one of the tools that will be discussed 
later in this chapter, it is possible to insert 
a desirable gene into a known site of the 
cell’s genome. This allows researchers to 
perform substantial gene insertions that 
will be preserved in future generations of 
the cell line. 

NHEJ:

The alternative to HDR is NHEJ, which is the 
much more commonly used form of repair 
because it doesn’t require a DNA template. 
This means that the process can take 
place at any stage in the cell cycle without 
the restrictions experienced by HDR. The 
technique is also notable because of its 
error-prone nature, something which can 
make it both damaging to the cell and 
highly useful for gene editing experiments. 

Instead of a template, NHEJ relies on 
reconnecting the two sides of a break back 
together directly. When DNA is cleaved, 
either side of the break will typically have 
‘overhangs’, short, single strand DNA 
sequences that protrude from the ends of 
the double strand. NHEJ works by finding 
very short sequences that appear within 
both of these overhangs and splicing 
them together. If the two overhangs are 
perfectly complementary to one another, 
which can occur when there has been a 
clean break and no enzymatic clean-up of 
the ends has taken place, then this type 
of repair will not generally result in any 
genetic mutations. 

However, this is not often the case. 
Enzymes that are present within a cell will 
usually ‘clean up’ the ends of double strand 
breaks by removing some nucleotides, 
which cannot then be replaced without 
a complete template. At the same time, 
the enzymes involved in NHEJ do not 
demonstrate high fidelity. This means that 
if they identify sequences on either side of 
a break that are similar, but not identical, 
they will splice the two strands together 
anyway, regardless of mismatches. As a 
result, NHEJ can frequently cause deletion 
or addition mutations, when nucleotides 

are lost or gained at the strand ends or, in 
some cases, SNVs, when mismatches are 
carried over multiple cell cycles. 

While NHEJ can be very damaging to cells 
if it results in deletions within vital survival 
genes, it can also be exploited during gene 
editing experiments. As HDR can be used 
to insert new genes into the genome, 
NHEJ can be used to introduce small 
mutations that either change or remove 
the functionality of a targeted gene. For 
this type of experiment, a researcher 
just needs to induce a break at the target 
site, and then allow DNA repair to occur 
as normal. Because NHEJ will be used in 
the absence of a template, this leads to 
the development of mutations, which can 
then be linked to observable changes in 
the phenotype. How these breaks can 
be generated is something that will be 
discussed later in this chapter. 

When NHEJ and HDR are both unavailable, 
DNA damage can also be corrected using 
a third, even more error-prone method 
known as Microhomology-Mediated End 
Joining (MMEJ). Like NHEJ, this technique 
involves resealing a break by connecting 
short DNA sequences on either side of 
the break that are complementary to one 
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another. The main difference is that while NHEJ typically matches 
short sequences that are exposed by the break overhangs, MMEJ 
relies on end resection to uncover complementary sequences in 
a way that can lead to deletion of the nucleotides between the 
two loci. As a result, MMEJ is only ever used when more accurate 
techniques cannot be used or have been deactivated. 

In order to exploit one of these DNA repair mechanisms as a 
way of inducing gene edits, it is first necessary to create a double 
strand break at the site you want to edit. To do so, you need a tool 
that has the ability to identify the correct locus within the genome 
and to cleave the DNA strand at that location. The earliest gene 
editing experiments achieved this through the use of specially 
selected, naturally occurring enzymes known as meganucleases, 
but this approach had many drawbacks that prevented large scale 
application. Now, there are several different tools that are capable 
of targeted DNA cleavage; it is these that will be discussed next.

ZINC FINGER NUCLEASES
Zinc Finger Nucleases (ZFNs) were the first major gene editing tool to 
be developed after the discovery and use of meganucleases. Like those 
enzymes, they consist of a domain responsible for recognising the target 
DNA site (the zinc ‘fingers’), and a domain that can cleave a DNA strand. 
For ZFNs, the cleavage domain is typically formed by a Flavobacterium 
okeanokoites restriction endonuclease (Fok1), which is covalently 
bound to the zinc fingers. By separating the cleavage and recognition 
functionalities across two distinct domains, ZFNs were designed for 
simple manipulation; the intended DNA target could be changed by 
modifying the fingers without compromising cleavage ability. 

Designing an effective recognition domain is 
arguably the most important stage of targeted 
gene editing experiments. When working 
with ZFNs, this involves manipulating the zinc 
fingers to bind to the correct genomic locus 
and, importantly, no other sites. A ZFN has 3 
to 6 finger arrays, each of which is formed 
by a chain of roughly 30 amino acids that is 
stabilised by a zinc ion centre. A single zinc 
finger is capable of recognising a specific 
nucleotide triplet code, meaning that one 
ZFN can recognise genomic sequences 
between 9 and 18 bases long, depending on 
how many finger arrays are present.

The mechanism is slightly more complicated 
in practice, as Fok1 is only capable of cleaving 
dsDNA when it adopts a dimer formation and 
thus two ZFNs will be needed at any targeted 
cleavage site. To achieve this, researchers 
need to design two distinct ZFNs that can bind 
to the DNA on either side of target cleavage 
site. In this formation, the cleavage domains 
of the two ZFNs will be brought into close 
enough proximity that they can dimerise 
and create the desired break, but to do this 
requires very careful design of the recognition 
domains for each nuclease. One advantage of 
this dual design approach is that it increases 
the specificity of binding, requiring two DNA 
sequences that are 9 to 18 nucleotides long 

to be present at the same loci for cleavage to take place. By doubling 
the length of the recognition sequence, it is less likely that it will occur 
elsewhere in the genome, reducing off-target effects by preventing 
the ZFNs from binding and cleaving unintended loci. 

This high specificity made ZFNs very popular tools for gene editing, 
and they are still being used today for both research and drug 
development. They do suffer from drawbacks as well, however. 
The worst of these issues is the complex design process necessary 
to develop functional, specific recognition domains, something 
which significantly increases the time and cost of the experiment. 
It also makes the tool less adaptable than some of the more recent 
gene editing techniques, as minor changes in the target sequence 
require the molecules to be re-entered into the design workflow. 

The main reason that the design process for zinc fingers is so complex 
is that they have a highly variable DNA binding affinity, which is 
influenced by many different factors. For example, a finger on the end 
of the ‘hand’ beside the Fok1 nuclease would demonstrate a different 
binding affinity to the same DNA sequence if it was repositioned to be 
closer to the centre of the ‘hand’ and further away from the nuclease. 
This characteristic means that the zinc fingers of a ZFN cannot be 
designed in isolation to one another, and instead have to be dealt with 
at the same time, with small changes in one finger potentially causing 
significant changes in a different section of the molecule. 

Despite the complexity of their design, ZFNs have proven to be 
an effective tool for generating site specific breaks within a cell’s 
genome. Most recently, their specificity has brought them to the 
attention of a number of drug developers; the possible medical 
uses of ZFNs will be discussed in a later chapter. 
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TALENS
As the main problem with ZFNs is the design process of the 
recognition domain, it was this area that researchers worked to 
optimise. This focus led researchers to discover Transcription 
Activator-Like Effectors (TALEs), which are naturally occurring 
molecules capable of differentiating between DNA bases. Using a 
similar mechanism to ZFNs, the researchers were able to create a 
gene editing tool by covalently binding these TALEs to a Fok1 domain, 
creating Transcription Activator-Like Effector Nucleases (TALENs). 

By using the same Fok1 cleavage domain as ZFNs, TALENs rely on 
the same dual binding and dimerization process that the former 
editing technique uses. The primary difference is that, with the 
simplification of the recognition domain, it is far easier to design 
both of the TALENs needed for each experiment. 

TALEs themselves are produced naturally by Xanthomonas bacteria 
and consist of almost identical repeating units that are 33 to 35 
amino acids long. The repeats differentiate between DNA bases 
using Repeat Variable Di-residues (RVD), which are the 12th and 
13th amino acids of each sequence. These are the only residues 
within the repeat sequences that vary. 

Each repeat is therefore responsible for binding to a single type of 
DNA base in accordance with its RVD, unlike the triplets recognised 
by each zinc finger. Most importantly, the position of a repeat within 
a TALEN will not influence its DNA binding affinity. The nature of 
this binding means that to alter recognised base for each repeat, 
only the two amino acids that make up the RVD need to be altered, 
instead of the entire molecule. This drastically simplifies the design 
process of TALENs in comparison to ZFNs because each section of 
the molecule can be handled in isolation. 

The relative simplicity of this binding process makes TALENS much 
more adaptable than ZFNs, without sacrificing the necessary binding 
specificity for accurate gene editing. The simpler design process 
not only allows for a shorter workflow, it can also help researchers 
to save money by reducing the number of failed design iterations 
needed to achieve suitable binding efficiency. These features have 
made the technique an attractive prospect to researchers, and 
TALENs have seen significant use since they were first developed. 

CRISPR-CAS
DISCOVERY AND ACTIVITY

While Clustered Regularly Interspaced Short Palindromic Repeats 
(CRISPR) is generally considered to be a very young gene editing 
technique, there has actually been research into its mechanism 
since the ‘80s. Subsequently, a paper published in 2002 (Jansen et 
al.) was the first to use the name CRISPR to describe the previously 
identified, but poorly understood DNA motifs that are found in 90% 
of single-celled prokaryotic genomes. 

The sequences were known to be non-coding, carefully ordered 
repeats that varied between different species, but their functionality 
was unclear. The Jansen paper is also responsible for naming the 
genes that appear directly beside the repeats, calling them CRISPR-
associated (Cas) nuclease genes.

TECHNOLOGY OF GENE EDITING
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The function of the repeats remained elusive 
until 2007, when further research was able to 
identify a link between CRISPR genes and viral 
immunity in bacteria. Researchers realised that 
when bacteria were subjected to the same virus 
until they became immune, they would begin 
to incorporate viral DNA into the interspacing 
regions of the CRISPR genes. When that viral 
DNA was removed once more, the bacteria 
lost their immunity to the virus. It was from 
this research that people working in genomics 
began to realise the system used self-DNA to 
fight foreign-DNA.

Now, we have a much clearer understanding 
of the mechanism by which CRISPR genes 
can protect bacteria from viruses, and how 
we can exploit the system for gene editing 
experiments. Unlike with TALENs and ZFNs, 
the activity of CRISPR cannot be easily divided 
into a recognition domain and a cleavage 
domain. Instead, the recognition functionality 
is spread across a variable RNA molecule and 
a species-specific Cas protein, which is also 
responsible for the cleavage functionality. 

The primary function of the Cas protein is DNA 
cleavage; to achieve this, the protein contains a 
nuclease domain that is capable of producing 
double strand breaks when it binds to DNA. At 
the same time, however, the protein retains 

“WHILE THE PAM 
SEQUENCE OFFERS 
THE SYSTEM SOME 
LEVEL OF SELECTIVITY, 
IT IS NOWHERE 
NEAR ENOUGH FOR 
A TARGETED GENE 
EDITING SYSTEM. 
CRISPR THEREFORE 
ALSO RELIES ON A 
MUCH MORE SELECTIVE 
TARGETING MOLECULE, 
WHICH IS FORMED BY 
THE COMBINATION OF 
TWO INDIVIDUAL RNAS.”

some level of DNA recognition in the form of a Protospacer Adjacent Motif (PAM). A 
PAM sequence is typically 2 to 5 nucleotides long and needs to be present at the site 
adjacent to the target cleavage site. If no PAM sequence is present, the Cas protein 
will be unable to bind to the DNA and thus cannot generate a double strand break. 
It is thought that this limitation was developed within bacteria to enable CRISPR to 
distinguish between foreign and self genetic material. Self material does not contain a 
PAM sequence so that the CRISPR system cannot inadvertently damage the bacterial 
genome. 

The exact PAM sequence that is needed for Cas binding is dependent on the 
species of bacteria generating the protein. One of the most commonly used forms 
of Cas protein in gene editing experiments is the Streptococcus pyogenes Cas9, 
because it utilises one of two relatively simple PAMs: NGG or NAG (where N is any 
nucleotide). This is beneficial for gene editing experiments because the simple 
PAM sequence occurs frequently throughout most genomes, allowing researchers 
to target loci at many different positions (although not all). 

While the PAM sequence offers the system some level of selectivity, it is nowhere 
near enough for a targeted gene editing system. CRISPR therefore also relies on a 
much more selective targeting molecule, which is formed by the combination of 
two individual RNAs. These two RNAs are cRNA, which is coded for by the CRISPR 
interspacing regions (and thus is influenced by the incorporated viral DNA), and 
tracrRNA, which is coded for by the regions surrounding the CRISPR genes. crRNA 
and tracrRNA are both single stranded molecules, but they can partially bind to 
one another in a complementary fashion, forming a single molecule known as a 
guide RNA (gRNA). Some researchers are now choosing to work with a specially 
designed RNA that uses a looping sequence to connect the crRNA and tracrRNA 
to form one molecule, known as a single guide RNA (sgRNA), but the activity of the 
molecule remains the same.

It is the responsibility of the gRNA to guide the Cas protein to the correct 
site within the genome for cleavage. This is possible because its sequence 
is complementary to that of the target sequence and so it can bind to the 
correct site within the DNA via Watson-Crick base pairing. The simplicity of 
this recognition system is one of the reasons that CRISPR has become such an 
important part of current gene editing work; unlike with ZFNs and TALENs, the 
target sequence of the tool can be altered without making any chemical changes 
to the nuclease (in this case, the Cas protein). Instead, the gRNA can be designed 
and produced in complete isolation, before being added to the system after it has 
been optimised. 

CAS PROTEINS

The family of Cas proteins is tremendously broad. Cas9 has been the most 
extensively studied of these, as it has the greatest potential for gene editing 
experiments (the system is frequently referred to as the CRISPR-Cas9 system), but 
other proteins have been investigated too. Because of its wide-spread use, this guide 
will primarily focus on Cas9. 

STRUCTURE

A Cas9 nuclease consists of two main lobes, each of which is home to two active 
sites: the recognition lobe, which is responsible for binding to the gRNA and the 
DNA molecule, and the nuclease lobe, which is involved in both PAM recognition 
and DNA cleavage.

The nuclease lobe can be further subdivided into two endonuclease domains, RuvC 
and HNH, which work together to each cleave a single strand of dsDNA. Together, 
these domains generate a double strand break that is roughly 3 nucleotides 
upstream of the PAM sequence. Typically, Cas9 will create a break with blunt ends 
(unlike Fok1, which leaves defined overhangs) but in some cases, an overhang of 1 
or 2 nucleotides will remain. 
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The presence of both functionality lobes 
means that Cas9 is a very large protein. The S. 
pyogenes form of the protein contains a total 
of 1,368 amino acids, which is sufficiently large 
to complicate cell delivery, something which 
will be discussed in the next chapter. Even the 
smallest Cas9 proteins to be discovered so far 
are just over 1,000 amino acids long.

ACTIVITY

When both a functional Cas9 protein and a 
gRNA molecule are present in a cell, they can 
begin to cleave any target DNA present. To do 
this, they are thought to follow three defined 
stages: Destabilisation, Invasion, and Cleavage. 

Destabilisation:

1. The Cas9 protein binds with the gRNA 
via its recognition lobe, creating a stable 
gRNA-Cas9 complex. 

2. In response to this binding, the nuclease 
lobe begins to search the genome for an 
appropriate PAM sequence to bind to. 

3. When a PAM site is found, the active site 
of the nuclease lobe that is responsible 
for recognition destabilises the hydrogen 
bonding between the two strands of DNA 
at the PAM site.

4. The weakening of the hydrogen bonds 
causes the DNA strand upstream of the 
PAM to begin to unwind. The strain energy 
of this unwinding is offset by stabilisation 
provided by increasing gRNA-Cas9-DNA 
interactions. 

Once the gRNA-Cas9-DNA complex begins to 
form, the gRNA sequence becomes significant. 
More often than not, the gRNA and DNA will 
not possess complementary sequences (i.e. 
the bound DNA is not target) and there will 
be little to no binding energy between the 
two. When this is the case, the overall binding 
energy of the gRNA-Cas9-DNA complex is 
insufficient to compensate for the strain 
energy created by the unwinding DNA. This 
forces the complex to dissociate before there 
is sufficient time for cleavage to occur. The 
gRNA-Cas9 complex can then continue on to 
another PAM sequence. 

If, on the other hand, the gRNA and the DNA 
are complementary, then there will be a much 
higher level of binding energy. This energy is 
sufficient to overcome the strain of unwinding 
and thus the complex can persist. When this 
is the case, the process proceeds onto the 
Invasion stage. 

Invasion:

5. The gRNA molecule begins to displace one of 
the homologous DNA strands near to the PAM 
and takes its place, creating a short double 
strand of DNA and RNA. This binding further 
stabilises the gRNA-Cas9-DNA complex. 

6. The displacement continues, lengthening 
the DNA-gRNA dimer until the end of the 
gRNA fragment is reached.

7. During the formation of the DNA-gRNA 
dimer, the complex positions itself in a 
way that pulls the DNA into the active 
sites of the RuvC and HNH domains. This 
repositioning is aided by the increased 
flexibility of the HNH domain. 

Cleavage:

8. The HNH domain cleaves the DNA strand 
that forms the DNA-gRNA dimer, while the 
RuvC domain simultaneously cleaves the 
unbound DNA strand. 

9. In time, the gRNA-Cas9-DNA complex 
dissociates, allowing the DNA to rewind with 
a new double strand break. The gRNA-Cas9 
complex can then go on to locate another 
PAM sequence and the process restarts. 

The newly formed double stand breaks will 
usually be repaired via NHEJ, as was discussed 
earlier in the chapter. Alternatively, if a DNA 
donor template has been provided alongside 
the gRNA and Cas protein, HDR can be used to 
insert new genetic material into the site. 

VARIANTS

The most commonly used nuclease for CRISPR 
gene editing is Cas9, but it is not the only 
option available for CRISPR experiments. 
Research has uncovered or developed a 
number of alternatives to the wild-type 
protein that can offer improved accuracy or 
different functionality. More tools are being 
added all the time as researchers improve 
our understanding of the system; this section 
will discuss some of the most well used or 
promising nucleases currently being used. 

Cas9n

Cas9 nickase, which is sometimes known as 
nicking Cas9, is a form of Cas9 that has had 
one of the two nuclease domains (RuvC or 
HNH) deactivated. This deactivation prevents 
the nuclease from being able to generate 
double strand breaks, and it will instead only 
produce ‘nicks’ (i.e. single strand breaks). 

“THE MOST 
COMMONLY USED 
NUCLEASE FOR 
CRISPR GENE 
EDITING IS CAS9, 
BUT IT IS NOT THE 
ONLY OPTION 
AVAILABLE 
FOR CRISPR 
EXPERIMENTS. 
RESEARCH HAS 
UNCOVERED 
OR DEVELOPED 
A NUMBER OF 
ALTERNATIVES 
TO THE WILD-
TYPE PROTEIN 
THAT CAN OFFER 
IMPROVED 
ACCURACY 
OR DIFFERENT 
FUNCTIONALITY.”
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In most cases, the purpose of this change is to 
increase the accuracy of the technique. In a similar 
vein of thought to the use of two ZFNs or TALENs, 
by necessitating the use of two Cas9n enzymes 
to create a double strand break, the chances of 
off-target effects are significantly reduced. Single 
strand breaks can be easily repaired without any 
substantial risk of mutations developing, meaning 
that any site where only one of the Cas9n 
enzymes binds is unlikely to result in mutations. 

Some researchers have also taken advantage of this technique 
to encourage the use of HDR instead of NHEJ.  Cells have several 
pathways for repairing DNA nicks that are distinct from those used 
in the event of a double strand break, but both types of break 
have their own HDR pathway. This means that by generating 
nicks, researchers can increase the likelihood of HDR taking place. 
This approach can demonstrate a lower efficiency than trying to 
encourage HDR through double strand breaks, but it also removes 
the possibility of NHEJ from taking place unintentionally. 

hfCas9

As with Cas9n, the main appeal of high fidelity Cas9 (hfCas9) is that it has 
a much lower risk of off-target effects than wild-type Cas9 does. In theory, 
the technique is supposed to remove the possibility of off-target effects 
entirely. In practice, some experiments have suggested that it is possible to 
use hfCas9 to edit a genome with no off-target effects, although it is much 
more likely that they did occur at a level below the detection limit. 

The enzyme works by exploiting the balance between the unwinding 
strain energy generated during destabilisation and the binding energy 
of the gRNA-Cas9-DNA complex. Research has demonstrated that the 

gRNA and the DNA sequence do not need to be an exact match in 
order for cleavage to occur, as there is some level of positive interaction 
between the DNA and the Cas9 enzyme as well. These additional 
interactions can compensate for the dip in binding energy caused by a 
small number of mismatches in the DNA-gRNA dimer. In bacteria, this 
ability is helpful because it allows them to remain immune to viruses 
that have undergone slight mutations. In gene editing experiments, on 
the other hand, it can lead to unintended mutations. 

hfCas9 was designed to prevent this type of adaptability. This has 
been done by altering the structure of the molecule to remove 
attractive Cas9-DNA interactions, without impacting the cleavage 
or recognition functions of the protein. By carefully reducing the 
number of these interactions, a system has been created that only 
has sufficient binding energy for cleavage when the gRNA and 
DNA are entirely complementary to one another. If there are any 
mismatches between the two sequences, the Cas9-DNA interactions 
will not be sufficient to compensate for them and the complex will 
dissociate before binding occurs. 

Through this approach, researchers have been able to complete 
CRISPR gene editing experiments wherein no off-target effects were 
detected in the cells. 
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“BY CAREFULLY REDUCING THE NUMBER OF 
THESE INTERACTIONS, A SYSTEM HAS BEEN 
CREATED THAT ONLY HAS SUFFICIENT BINDING 
ENERGY FOR CLEAVAGE WHEN THE GRNA AND 
DNA ARE ENTIRELY COMPLEMENTARY TO ONE 
ANOTHER. IF THERE ARE ANY MISMATCHES 
BETWEEN THE TWO SEQUENCES, THE CAS9-DNA 
INTERACTIONS WILL NOT BE SUFFICIENT TO 
COMPENSATE FOR THEM AND THE COMPLEX 
WILL DISSOCIATE BEFORE BINDING OCCURS.”



dCas9

Dead or deactivated Cas9 (dCas9) is similar 
to Cas9n in the sense that it involves the 
deactivation of nuclease activity. In this 
instance, however, both of the nuclease 
domains (RuvC and HNH) are deactivated 
to completely remove the protein’s ability 
to generate breaks in DNA. This does mean 
that the protein is no longer suitable for gene 
editing, but it also opens up the possibility of a 
number of other applications. 

One such application is DNA mapping. 
Despite deactivated nucleases, the system 
is still capable of locating and binding to 
target sequences within a genome. If the 
dCas9 protein is bound to a marker, such 
as a fluorescent protein, then the system 
can highlight the presence of the target 
sequence within a cell. This can be useful 
for cell sorting (i.e. identifying which cells in 
a population carry a particular sequence) or 
for establishing the location of a particular 
sequence within a genome. 

Alternatively, the dCas9 protein can be 
bound to a molecule that represses or 
stimulates transcription. This means that 
when the modified enzyme binds to the 
target sequence, gene activity can be 
upregulated (CRISPRa) or downregulated 
(CRISPRi), depending on the nature of the 
bound molecule. In this way, researchers 
can study gene activity without permanently 
altering the base DNA code, ensuring 
that the modifications to the cell line are 
completely reversible. 

CasX and CasY

CasX and CasY were only discovered in late 2016, and so have 
yet to see wide-spread use. Like Cas9, they were identified within 
naturally occurring bacteria and are thought to use similar 
mechanisms of action. The most appealing feature of these 
proteins is that they are smaller than any known Cas9 proteins, 
consisting of 980 amino acids. As was mentioned previously, 
larger proteins raise problems regarding viral or plasmid cell 
delivery and synthesis; by using Cas proteins that are smaller, 
these issues can be avoided or minimised. 

More work is needed to establish the exact functionality and use 
of CasX and CasY, but they could become important tools for 
CRISPR in future. 

Cas12a

CRISPR from Prevotella, Francisella, and Acidaminococcus (Cas12a) 
proteins originate from the same family of Class2 CRISPR effectors 
as Cas9. The mechanism of Cas12a is very similar to that of Cas9, 
but there are three important differences:

1. The guide RNA used by Cas12a does not contain any tracrRNA. 
Instead, it uses a sgRNA that consists solely of mature crRNA. This 
increased simplicity can make it easier for researchers to manipulate 
the RNA guide when targeting a different DNA sequence. 

2. The PAM sequence used by Cas12a is T-rich, as opposed to the 
G-rich PAMs used by many Cas9 proteins. The different PAM can 
enable Cas12a to target sequences that are inaccessible to Cas9. 
The downside to this, however, is that Cas12a has only been 
found to be effective at roughly 50% of the target sites and more 
work is needed to improve efficacy.

3. When cleaving DNA, Cas12a doesn’t leave blunt strand ends as 
Cas9 does, but instead introduces an overhang that is 4 or 5 
nucleotides long. These overhangs can help to facilitate more 
efficient gene insertion via HDR, increasing Cas12a’s desirability 
in certain genetic engineering experiments. 

Cas13a

Cas13a works in a very similar manner to Cas9 and Cas12a but 
with one major exception: it targets RNA instead of DNA. As with 
dCas9, this means that any gene ‘editing’ performed by the tool 
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CRISPR RIVALS
While CRISPR has stolen the spotlight for 
gene editing experiments in recent years, 
some researchers have been working to 
develop other techniques that demonstrate 
improved accuracy or utility. So far, none 
of these techniques has enjoyed the same 
level of popularity or use as CRISPR, but 
new technologies are being discovered all 
the time. 

One technology that garnered a lot of 
attention is a now-generally dismissed 
technique using Argonaute nucleases. 
The Ago system, as it is known, is very 
similar to CRISPR for a number of reasons: 
both were identified in prokaryotic cells 
as a type of immune system; both use a 
non-site specific nuclease to cleave their 
target (Ago and Cas9); and both use a 
guide oligonucleotide sequence to ensure 
specificity (gDNA and gRNA). 

Beyond the similarities, the Ago system 
has a number of advantages that make it 
more accessible for researchers hoping to 
perform gene editing. These advantages 
include the lack of need for a PAM sequence, 
enabling gene editing to occur at any loci 
in the genome; the lack of need for the 
guide oligonucleotide to adopt a secondary 
structure (the gRNA in CRISPR experiments 
is required to form a loop to facilitate 
binding with the Cas protein); and a much 
smaller protein size at 887 amino acids. 

The primary concern with this system is that 
in the past, it has only been shown to work 
at supraphysiological conditions, making 
it ineligible for in vivo experiments. In 
particular, researchers had only been able to 
achieve gene editing with the technique at 
very high temperatures. While in vitro gene 
editing can help us to learn more about the 
genome, the vast majority of applications 
take place within cells, and this has meant 
that the Ago system has very limited utility. 

A paper published in May 2016 (F. Gao 
et al.) claimed to have solved this issue 
by developing experimental conditions 
that allowed gene editing to take place at 
37°C in human cells. This development 
led to a number of other research groups 
attempting to use the same system, 
hoping to improve on the outcome they 
would get using CRISPR. Unfortunately, 
no other teams were able to achieve the 
same results, and the paper was officially 
retracted in August 2017, although the 
authors have expressed their intention to 
keep working on the system. 

will be transient in nature, as the DNA itself remains unchanged. This makes 
Cas13a a perfect technique for researchers who do not want to permanently 
change the genetic code of their cell line. 

The issue with Cas13a is that it does not act with the same level of precision as CRISPR-
Cas9. When the enzyme is activated and cleaves the target RNA, it also cleaves other 
RNA molecules in the vicinity. It is not currently understood why this is the case, but 
it has meant that the technique cannot be used to generate accurate, reliable RNA 
knockout. Research is now being carried out that could explain Cas13a’s activity and may 
potentially improve its precision, but at the moment, it has limited utility. 

SUMMARY
This chapter has explained the mechanisms of the most common gene editing 
techniques being used today and how they might be used to achieve gene 
knockout or insertion. Understanding how the tools work on a biological level 
doesn’t translate into being able to use them effectively in the lab however. The 
following chapter will talk you through the process you will need to use to perform 
gene editing in a cell line of your choosing. n

“RESEARCH IS NOW BEING CARRIED OUT THAT 
COULD EXPLAIN C2C2’S ACTIVITY AND MAY 
POTENTIALLY IMPROVE ITS PRECISION, BUT 
AT THE MOMENT, IT HAS LIMITED UTILITY.”
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The IDT Alt-R® CRISPR-Cas9 genome editing system consists 
of chemically modified, synthetic crRNA and tracrRNA, as well 
as Cas9 endonuclease derived from S. pyogenes, providing a 
complete solution for successful gene knockout via the non-
homologous end-joining (NHEJ) pathway. In conjunction with a 
donor DNA template, the system also supports rapid genome 
engineering using homology-directed repair (HDR). However, given 
the generally low baseline rate of HDR compared to the error-
prone NHEJ pathway, it is critical to optimize HDR experimental 
conditions. The efficiency of HDR can be affected by a number 
of experimental factors, including the selected PAM site, type of 
donor DNA, and concentration of donor DNA. These and many 
other factors contribute to the high variability of HDR efficiency 
observed across cell lines. 

We address these variables here in a brief summary of considerations 
for successful HDR experimental design. For reference, an example 
workflow for HDR experiments is shown in Figure 1. We also invite 
you to review the more detailed application note that provides 
stepwise guidance from our scientists to maximize HDR rates in your 
own genome editing experiments.

HDR DESIGN CONSIDERATIONS 
USE SINGLE-STRANDED DNA (ssDNA) AS DONOR TEMPLATE 

HDR exchanges DNA sequence information via sequence 
homology; therefore, a donor DNA template that contains a 
desired insert flanked by homology arms complementary to the 
ends of a planned sequence break is required for CRISPR-Cas9 
HDR experiments. Historically, double-stranded DNA (dsDNA) 
was used, but recent studies have demonstrated the superiority 
of single-stranded oligo deoxynucleotides (ssODNs) as donor 
templates for HDR. ssODNs make it possible to include shorter 
homology arms, while providing a higher efficiency of insertion 
than similar dsDNA templates. As a global leader in providing 
synthetic DNA, IDT manufactures custom synthesized ssODNs as 
Ultramer® (up to 200 bases) and Megamer® (up to 2000 bases) 
ssDNA, both of which provide high-fidelity template sequences 
that are well-suited for HDR. 

TEST MULTIPLE crRNA GUIDES TO FIND THE MOST EFFICIENT 
HDR SITE

Because the efficiency of HDR is site-specific, we recommend 
testing at least 2–4 Cas9 PAM sites close the desired target region. 
HDR rates decrease significantly when the template insertion 
is just 5–10 bases away from the cut site, so it is important to 
consider the position of each Cas9 cut site relative to where the 
mutation is to be introduced. 

DESIGN OPTIMIZED ssODN DONOR TEMPLATES 

While ssODN template sequences can be designed to bind to 
either the targeting or non-targeting strands, we recommend 
designing and testing templates complementary to each strand 
whenever possible. 

We have observed robust HDR with homology arms of 30–60 bases, 
when creating small insertions (e.g., base corrections, tag insertions) 
using a maximum donor length of 200 bases. In addition, we find 
no consistent improvement in HDR efficiency with the use of ssODN 
templates designed asymmetrically versus symmetrically, regardless of 
whether the additional length of homology was introduced on the PAM-
distal or PAM-proximal side. Taken together, we recommend keeping 
the desired mutations/insertions approximately centered in the ssODN 
donor template, flanked by 30–60 nt homology arms on both sides. 

AVOID RECREATING THE PAM SEQUENCE AFTER HDR 

We recommend designing ssODN templates that contain silent 
mutations in the protospacer sequence or even the PAM site itself, 
if the repaired sequence would be recognized by the crRNA guide. 
This will prevent unwanted re-cutting at the same locus after the 
repair takes place. 

CONCLUSION 
The use of synthetic guide RNAs and donor templates with the Alt-R 
genome editing system simplifies the experimental workflow by 
removing time-consuming cloning steps before HDR. With careful 
optimization of experimental conditions and inclusion of a deliberately 
designed ssODN donor template, you can obtain precise incorporation 
of desired mutations and/or insertions via the HDR pathway. For further 
guidance in maximizing HDR with the use of Alt-R CRISPR-Cas9 reagents, 
review the complete HDR application note. Additional information and 
protocols can be accessed at www.idtdna.com/CRISPR-Cas9. n

CRISPR-CAS9 MEDIATED HDR: TIPS FOR SUCCESSFUL EXPERIMENTAL DESIGN

Figure 1. Workflow for efficient HDR by co-delivery of Alt-R crRNA, tracrRNA,  
and Cas9 endonuclease, together with an ssODN donor template. 
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CHAPTER 2:

DESIGNING A  
CRISPR EXPERIMENT



INTRODUCTION
Understanding how CRISPR works at a biological level is important for researchers hoping to utilise the approach, but it doesn’t offer much 
insight into how to use CRISPR at a practical level. Designing and running a CRISPR experiment has several important stages for you to 
consider, and each step can be performed in multiple different ways. The best approach for each step is often determined by the goals of 
your experiment and the nature of the results you wish to obtain. This chapter will discuss the different stages of experimental design and 
the options available to you at each step.

TARGET SELECTION
Before you can actually begin to design your reagents, you need 
to have a clear idea of exactly which genomic sequence you are 
hoping to target. Editing targets typically take the form of genes 
or loci that the researchers want to study, or, in some cases, the 
genomic regions that control expression of that gene. As the 
nature of your target will inform the rest of your experimental 
design, it is necessary to begin here. 

The nature of the target you select may be affected by the genetic 
outcome you are hoping to achieve. The adaptable nature of 
CRISPR-Cas9 has meant that it has been used for a variety of 
different gene editing approaches, each of which generates a 
different genetic state. Broadly, these approaches can be divided 
into four applications:

1. Gene Knockout – When a gene is permanently deactivated by a 
change in the genetic code, it is known as a knockout mutation. In 
gene editing, knockouts can be achieved by significantly altering 
the gene itself or the regions that control gene expression, 
preventing the gene from being expressed. The outcome of this 
gene disruption is that a gene product will not be produced. 

2. Knock-in Mutation – An alternative to completely knocking 
out a gene’s activity, it is also possible to alter the product 
that the gene encodes. This can be achieved by using CRISPR 
to introduce a small mutation (typically a single nucleotide 
polymorphism) into the gene or locus of interest. These 
mutations will not prevent the gene from being expressed; 
instead, it will result in expression of a mutated gene product. 

3. Gene Insertion – As was mentioned in the previous chapter, it is 
possible to insert novel genes into a cell’s genome by exploiting 
the mechanism of HDR. To do so, CRISPR can generate a 
break in the DNA strand, which is then repaired according to a 
supplied DNA template. Once the repair process is complete, 
the supplied template will have been copied into the genome 
itself, where it can be expressed by the cell. 

4. Altered Gene Expression – One of the important features of 
CRISPR-Cas9 is that it can be used to target a specific locus 
within the genome without resulting in DNA cleavage at that 
site. By combining a catalytically-dead Cas nuclease, which 
cannot cleave DNA, with another protein capable of activating 
or repressing gene expression, it is possible to influence 
gene expression without altering the genomic sequence. The 
modified Cas protein can be targeted to the promoter regions 
of the gene of interest, where it will either activate gene 
transcription, increasing expression, or repress transcription, 
reducing expression. 

As these different applications require CRISPR to be targeted at 
different features of the gene of interest, deciding which outcome 
is most desirable in your experiment is an important part of 
selecting the most effective target. 

No matter which type of gene editing you wish to perform, you 
can then sequence the genomic region you intend to target, 
be it the gene or the related transcription factors. Sequencing 
your intended target isn’t strictly necessary, but it can be 
substantially beneficial, as it provides you with the most 
accurate information regarding your target sequence to start 
designing guide RNAs. 

It also presents an opportunity to investigate whether or not any 
suitable PAM sequences occur within the target. If there aren’t 
any, then you can either select a different Cas protein that uses an 
alternate PAM sequence, or select a different target. 

By sequencing your target, you can also gain an idea of where 
within your target region you will actually create the edit. For 
gene knockout experiments, for example, edits are more likely 
to be successful if they are made within the coding regions 
at the 5’ end of the gene (the 5’ exons). By targeting the gene 
at the 5’ end, any edits are more likely to generate frameshift 
mutations that affect the amino acid sequence downstream, 
amplifying the edit’s effects. 

Alternatively, if the 5’ exons are unsuitable, you may be able to 
target the exons involved in essential protein domains. Mutations 
within these domains have been shown to significantly impact 
protein function, making them highly effective targets for gene 
knockout experiments. The downside to these domains is that they 
can only be identified when you have extensive knowledge of the 
protein being targeted, something which is not always possible. 

Sequencing your target is arguably even more important for 
experiments that involve gene insertion. In order for the supplied 
DNA to be accepted as a template during repair, the ends of the 
strand need to match the genomic sequence that surrounds 
the strand break. It is through these overlapping regions that 
the repair mechanisms recognise the fragment as a suitable 
template; if they do not match, the efficiency of gene insertion 
will be greatly diminished. 

By gathering as much information as you can about your target 
sequence, you can significantly improve the chances of success of 
your desired gene edits. Once you believe that you have a suitable 
target, you can move on to designing your gRNA pool. 
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CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) has 
been utilized in recent years as a powerful tool for genome engineering. 
This genome engineering technology relies on a guide RNA (gRNA), 
which guides the endonuclease to the correct position of the host DNA. 
The CRISPR/Cas9 system is thus able to cut the host genome and create 
a gene knock-out (KO) or knock-in (KI) by inserting mutations and/or tag 
donor DNA. The use of accurate bioinformatics software is required to 
ensure efficiency of these genome engineering experiments by helping 
to design the nucleotide sequences they require. To help with this, the 
Life and Soft team has developed CRISPR LifePipe®, a set of applications 
for gRNAs and donor template sequences management.

The gRNA design tool relies on simple information like a unique 
nucleotide sequence, a gene name, a specific exon or intron, or 
an adjustable region around an amino-acid. Several organisms 
and endonucleases are available and can be added on demand. 
For example, the tool is compatible with different Cas9sp 
mutants (e.g. VRER, VQR, or nickase mutants). The contribution 
of bioinformatics enables the scientists to choose the best gRNA, 
thanks to suitable annotations that allow the ranking of all 
potential sequences. Indeed, the number and the location of off-
targets can be computed, as well as a prediction score, to foresee 
the efficiency and the specificity of each gRNA. 

The gRNA checker tool allows users to check gRNA sequence 
obtained from another source, such as scientific literature. 
This simple application retrieves all annotations available in 
the gRNA design tool, such as efficiency prediction scores, off-
target numbers and positions, secondary structure, and SNP or 
restriction site localization inside the sequence.

The donor template design tool enables the design of double 
strand or ssODN donor DNA sequences. Those sequences can 
then be used to add a tag in 5’ or 3’ of a gene or to insert a 
mutation into a coding sequence.

The suitable position of a selection cassette within a gene is 
automatically computed to safely insert exogenous sequences into 
introns, without interfering in transcription or splicing mechanisms. An 

inactivation of the donor, by mutating the gRNA-targeted sequence, 
prevents its cutting by the endonuclease. Annotation of the DNA 
sequence is performed to easily visualize the inserted modifications, 
the gRNA sequence or restriction sites, and the location of the donor 
in comparison to the different transcripts of the targeted gene.

Bioinformatics is an essential support to enhance the efficiency 
of CRISPR sequence design. It is even more critical for CRISPR 
screening experiments requiring the design of large gRNAs or 
donor template libraries. CRISPR LifePipe® supports this specific 
need by providing a batch mode that parallelizes several gRNA or 
donor sequence designs in one click.   

After a CRISPR experiment, it is also important to identify the 
modifications that have been introduced to the cells. Again, 
bioinformatics and next-generation sequencing (NGS) allow for on-
target checking, but you also need to be able to identify undesired off-
targets. Our CRISPR LifePipe® validation tool is a NGS analysis pipeline 
that detects these off-targets and provides annotations that should 
help scientist to draw accurate conclusions from their experiments.

RANKING OF VALIDATED gRNAs USING CRISPR LIFEPIPE®

 We have validated our gRNA design tool by performing a 
meta-analysis of 10 studies in human primary cells or cell lines, 
published between 2016 and 2018. 

Data was extracted from these publications and a total of 27 
validated single or paired gRNAs for Cas9sp wt and nickase 
mutant were studied. All corresponding targets were submitted to 
CRISPR LifePipe® gRNA design tool, and the ranking of published 
gRNAs, computed with consideration for several criterions like off-
targets number and efficiency prediction scores, was analyzed.

Firstly, we found that all experimentally validated gRNAs were 
found by our application, indicating a high level of accuracy from 
our tool. Moreover, we observed that most of them ranked in the 
3 best gRNAs returned by our application. For Cas9 wt, more than 
half of the 20 validated gRNAs have a rank higher than 3. For the 
Cas9 nickase mutant, the median rank of the 7 published gRNAs 
paired is 3. All of these results prove the quality of the CRISPR 
LifePipe® gRNA design tool and its ability to help scientists to 
choose the best gRNAs for their experiments.n

CRISPR LIFEPIPE®: A COMPREHENSIVE SET OF TOOLS FOR CRISPR EXPERIMENTS

https://crispr.lifeandsoft.com
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“THE PROCESS BY 
WHICH GRNAS 

ARE DEVELOPED 
THEREFORE 

INVOLVES TRYING 
TO BALANCE 

PREDICTED ON-
TARGET AND OFF-
TARGET EFFECTS, 
MAKING GENETIC 

CHANGES THAT 
YOU WANT, 

WITHOUT MAKING 
GENETIC CHANGES 
THAT YOU DON’T.”

 gRNA DESIGN 
In order to act as a suitable guide for 
your Cas protein, your gRNA needs to be 
complementary to your intended DNA 
target. With good homology, the gRNA will 
bind more strongly to the target sequence 
and DNA cleavage is more likely to occur, 
increasing editing efficiency. To ensure 
successful gene editing, therefore, you need 
to design gRNAs that are most likely to 
produce your desired outcome. 

It is reasonable to assume that gRNAs that 
demonstrate total homology to their targets 
would show the same cleavage efficiency, 
but, unexpectedly, this has not been found 
to be the case. Research has shown that the 
positions of certain nucleotides relative to 
the PAM sequence can influence cleavage 
efficiency, even when the nucleotide in 
question is complementary to the target DNA 
sequence. For example, it may be that the 
complementary base at position 4 relative 
to the PAM should be adenine, but cleavage 
is actually more efficient when a thymine is 
used in that position. The reasons behind this 
unusual observation are not yet clear, which 
can make their impact on cleavage more 
difficult to predict. Therefore, it is important 
to always use the most up-to-date guide RNA 
algorithms possible.

Other than simply matching your target, the 
gRNA also needs, as much as possible, to 
avoid matching any other sequences within 
the genome; if a gRNA demonstrates non-
specific binding, it can lead to off-target edits. 
These unintentional edits can invalidate any 
results you draw from your edited cell line 
and could have deleterious effects. 

As a result, the ideal gRNA sequence would 
be a perfect match for your target but 
completely dissimilar to any other sequences 
within the genome. In practice, however, this 
isn’t always possible. The size and variation of 
most genomes means that the vast majority 
of gRNAs will demonstrate at least partial 
homology with non-target sites, putting those 
loci at risk of off-target mutations. 

It is at this stage that the advantages of 
a PAM sequence become apparent. Cas 
proteins can only bind to the DNA sequence 
when the protein’s corresponding PAM 
is present; if one does not occur in the 
sequence, even loci with perfect homology 
to the gRNA will not be cleaved. Even if a 
PAM sequence is present, any nucleotide 
mismatches that occur near the PAM site 

will drastically reduce cleavage efficiency, 
reducing the risk of off-target edits. This 
isn’t a flawless system and even with highly 
selective gRNAs, off-target effects are an 
inevitable part of CRISPR reactions, but it 
does help to minimise their impact. 

The process by which gRNAs are designed 
therefore involves trying to balance 
predicted on-target and off-target effects, 
making genetic changes that you want, 
without making genetic changes that you 
don’t. To make this process more accessible 
and less time consuming, there are a range 
of gRNA design programs now available. 
These tools have been developed to detect 
any relevant PAM sequences or targets, and 
to predict the activity of a large number 
of gRNA sequences at the identified sites. 
The software then uses that information 
to generate a series of the most promising 
gRNAs for the researcher to synthesise. 
It is important to note that these tools 
are based on predicted activity, and so 
cannot be guaranteed to provide the most 
effective gRNA sequence, but they can be 
highly effective tools for large scale editing 
experiments. 

gRNA SYNTHESIS
Once the most promising gRNA sequences 
have been determined, they can either be 
synthesised directly, transcribed in vitro, or 
a DNA plasmid that encodes the sequence 
can be cloned. In vitro transcribed RNAs 
and plasmid-derived gRNAs generally have 
the lowest upfront costs, but they require 
a greater investment of time and the 
editing efficiency tends to be lower and less 
consistent than with synthetic RNAs.

Synthetic gRNAs usually give the best editing 
efficiency and are the most consistent, but they 
can be more expensive to order. One of the 
main advantages is that they can be modified 
at specific nucleotide residues to help avoid 
innate immune responses to the foreign RNA, 
improving editing in certain sample types, such 
as stem and primary cells. Many researchers 
are switching to synthetic RNAs for their CRISPR 
experiments (modified sgRNAs in particular) 
to achieve the best editing results, which can 
lower the cost of the downstream screening 
and follow-up experiments. It’s also the easiest 
and fastest approach to CRISPR editing: simply 
design your guide RNA sequences and have 
them manufactured and shipped to you a 
few days later. Nonetheless, the higher costs 
of synthetic gRNAs can encourage some 
researchers to avoid using them. 
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INTRACELLULAR DELIVERY 
Once you have designed and generated 
your guide RNA, you can begin to consider 
how to introduce your CRISPR components 
into the cells you wish to edit. The nature 
of your gRNA format may dictate the 
introduction method you use, but it is 
important to understand the different 
options available and how they can affect 
your experiment.

In a CRISPR-Cas experiment, there are a 
number of components that need to be 
introduced into the target cells, including 
the gRNA or plasmid, the Cas protein, 
and, where necessary, a DNA template 
for HDR. Without delivering each of these 
components, the intended gene edits will 
not be able to take place and no valid 
results can be drawn. It is very important 
therefore that you use delivery vectors 
capable of transporting all the necessary 
molecules.

There are more considerations that 
need to be made during cell delivery, 
however. The most important distinction 
is whether or not you want to generate 
stable CRISPR activity, which will persist 
over time, or transient CRISPR activity, 
which will be high in the early stages of 
the experiment, then reduce over time. 
There are advantages and disadvantages 
to both. With transient expression, for 
example, you cannot be certain that 
all desired edits will be made with a 
single dose, as CRISPR components may 
degrade too quickly. This is less of an 
issue when using modified synthetic 
sgRNAs in a ribonucleoprotein format, 
but is still an aspect of the experimental 
design that warrants consideration. 

On the other hand, this more transient 
editing potential significantly decreases the 
risk of off-target effects. In contrast, stable 
expression ensures that there is enough 
time for edits to take place, but there is 
also significant opportunity for unintended 
edits to be made. When considering stable 
CRISPR expression, it is also important 
to understand whether your CRISPR 
components should be passed on to the 
next generation of cells too. 

To facilitate these different expression 
pathways, there are two main approaches 
for cellular delivery: viral delivery vectors, 
and non-viral techniques.

VIRAL DELIVERY VECTORS

In nature, viruses have become perfectly 
adapted to efficiently infect their target 
hosts. To do so, many species produce viral 
capsids, which are used to transport viral 
DNA and other materials into the cells they 
wish to infect. Previous studies have shown 
that it is possible to adapt viral capsids 
to deliver other kinds of genetic material 
instead of viral DNA, and as a result, they are 
a very useful tool in CRISPR experiments.

Viral delivery is typically used for CRISPR 
experiments designed to generate long 
term expression, as the technique involves 
introducing the genetic material responsible 
for producing the CRISPR components into 
the cells. As a result, when the levels of gRNA 
or Cas9 begin to decrease, the source DNA 
is available for the cells to produce more. 
The approach is also used for research that 
involves working with hard-to-transfect cells. 

The most commonly used method for viral 
delivery is to incorporate your genetic 
material into lentiviral vectors. In CRISPR 
experiments, this means converting your 
gRNAs and Cas9 protein into DNA plasmids, 
and then encasing them within specially 
designed lentiviral particles. In many 
cases, the plasmids will also be designed 
to include reporter genes that can confirm 
transduction has taken place once the 
delivery process is complete. 

“THE MOST 
IMPORTANT 
DISTINCTION IS 
WHETHER OR 
NOT YOU WANT 
TO GENERATE 
STABLE CRISPR 
ACTIVITY, WHICH 
WILL CONTINUE 
AT A SET LEVEL 
OVER TIME, 
OR TRANSIENT 
CRISPR 
ACTIVITY, WHICH 
WILL BE HIGH 
IN THE EARLY 
STAGES OF THE 
EXPERIMENT, 
THEN REDUCE 
OVER TIME.”
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With all the necessary material contained within the viral particles, 
the target cells can be exposed to the vectors. 

Lentiviral transduction has been found to be a very effective 
technique for introducing CRISPR components into cells, largely 
because of the ability of the viral particles to easily transduce a 
variety of host cells. Unfortunately, the technique also carries some 
associated risks which could limit its potential applications. The 
main issue is that viruses are, by their nature, potentially dangerous 
to our health; voluntarily infecting organisms with them is clearly a 
calculated risk.

To minimise this risk as much as possible, lentiviral vectors have 
typically had the genes involved in viral replication disabled, 
preventing viral proliferation. This doesn’t necessarily make the viral 
vectors absolutely safe, however; research has shown that in some 
cases, it is possible for the inactivated replication genes to become 
active once more through spontaneous mutations. Similarly, 
random mutations forming near proto-oncogenes as a result of the 
virus can lead to them becoming oncogenic viruses and causing 
cancer to develop in infected cells. 

A safer alternative may be to use adeno-associated viral (AAV) vectors 
instead of lentiviral ones. While AAV vectors are still viral in nature, they 
have been found to be the safest option for viral transduction with the 
lowest risk of viral proliferation or mutation. The vectors are also highly 
adaptable, and can be designed to enable stable or transient CRISPR 
expression, and to infect either dividing or non-diving cells.

The limitation with AAV delivery is that the particles have a relatively 
small packaging size and this restricts their utility in CRISPR experiments. 
One Cas9 protein which has been found to be compatible is produced 
by Staphylococcus aureus, which is 1053 amino acids long and requires a 
relatively complex PAM sequence (NNGRRT). The specificity necessary to 
accommodate the PAM sequence means that there are fewer possible 
active sites within the genome and thus the technique hasn’t been as 
broadly used as other viral transduction approaches. 

NON-VIRAL TECHNIQUES

It is also possible to introduce CRISPR components into cells 
without using a viral vector. As with viral transduction, there is now 
a range of possibilities for you to choose from, each of which have 
their own advantages and disadvantages. 

The simplest of these non-viral methods is chemical-based transfection, 
for example lipid-mediated transfection. The technique involves 
encapsulating the CRISPR components within a positively charged 
carrier molecule and exposing them to the cells. The positive charge 
of the carrier molecule causes an electrostatic interaction to form with 
the negatively charged cellular membranes, bringing the two into close 
proximity. Once in place, the entire complex can be drawn through 
the cell membrane and into the cytoplasm, usually through a process 
known as endocytosis. Through careful design, the carrier molecules 
can be made to degrade within the cellular environment, releasing your 
CRISPR components into the cell and ensuring they are not lost before 
transfection has taken place. 

Chemical transfection can be used to deliver DNA plasmids 
encoding for gRNA and Cas9, as well as for delivery of Cas9 
ribonucleoproteins (RNPs), complexes that consist of a Cas9 protein 
and a gRNA formed in vitro. In either case, this is an effective way of 

instigating transient expression, as the components will be broken 
down in the cell over time, and cannot be replaced once gone. As 
a result, gene edits will only take place for a relatively short time 
after transfection has occurred, thus minimizing potential off-target 
effects and improving overall genome-editing efficiency.

Compared to viral transduction, chemical transfection typically 
demonstrates lower efficiencies and can only be reliably used with 
a limited number of cell types, including HeLa cells. If an experiment 
involves the use of primary or stem cells, chemical transfection is 
unlikely to be an effective method of introducing materials to the cells. 
An alternative approach is to introduce the gRNA and Cas9 (either 
plasmid-encoded or as RNPs) to cells directly via microinjection or 
electroporation. As before, because DNA is not incorporated into 
the genome, these techniques will result in transient expression. The 
main advantage of gene delivery in this manner is that cells do not 
demonstrate the same resistance that is seen in chemical transfection. 

Microinjection and electroporation can be used with many cell-
lines and primary cells that cannot be efficiently transfected using 
chemical-based methods, although these methods can be stressful 
to cells and may cause significant cell damage. Another downside 

DESIGNING A CRISPR EXPERIMENT

24 / Gene Editing 101



is that these approaches are only suitable for in vitro applications 
and so cannot be used in living organisms. 

If you wish to establish stable CRISPR activity without using a viral 
vector in animal cells, the most commonly used technique is to 
employ a mammalian expression vector instead. In a process 
similar to bacterial transfection, this approach uses positive 
selection pressure to encourage integration of DNA that confers a 
survival advantage. To achieve this, the DNA for your Cas9 protein 
and gRNAs can be contained within plasmids that also carry 
genes that provide this advantage, such as antibiotic resistance. 
When the antibiotic is present in the cellular environment, there 
is a selection pressure that allows only the cells that contain the 
resistance sequence to survive, which also encourages them to 
inadvertently incorporate the gRNA and Cas9 genes. As with the 
other methods of transfection, the need to generate a positive 
selection pressure makes mammalian expression vectors 
unsuitable for in vivo applications. It also increases the risk of off-
target effects due to prolonged Cas9 expression. 

Regardless of the technique you use to introduce your CRISPR 
components into your cell line, the outcome should be a pool of cells 

that contain the necessary elements for gene editing. The cells can then 
be incubated, to ensure that there is sufficient time for any edits to take 
place, before you establish which, if any, contain your desired edits. 

CLONE VALIDATION
Even with a well-designed, robust experiment, the resulting 
cell pool will contain a mixture of cells with a variety of both 
intended and unintended edits, edits without any phenotypic 
effect, and cells without any edits at all. This disparity can be 
due to insufficient transfection or transduction of the CRISPR 
components to certain cells, or as a result of the stochastic 
nature of certain editing steps in the cells. To draw conclusions 
about the genes you are investigating, you need to be able to 
isolate the cells containing the desired changes from the pool; 
this can be achieved through single cell cloning. Once isolated, 
the single edited cells can proliferate, becoming a new cell line 
that can be used to evaluate the effect the edits had on the 
original cell. 

Before you attempt to divide your population, you first need 
to establish whether a significant proportion of the cells have 
undergone gene editing. This assessment doesn’t need to 
be exact, but it will give you an idea as to whether or not it is 
suitable to continue with your experiment; if only a very small 
number of cells have been edited, there may be little value in 
progressing. Instead, in cases where insufficient editing has 
taken place, it is advisable to go back to the design phase of your 
investigation and try a different approach. If, on the other hand, a 
large proportion of the cells have been edited, you can move on 
to separation techniques. 

There are many different techniques for detecting whether or not 
your edits have taken place in the cells. Indel mutations can be 
detected through mismatch cleavage assays which can indicate 
when there are sequence differences between the wild-type 
target gene and the gene expressed in the edited cells. If your 
intended edit involved HDR, it is likely that you incorporated 
a reporter gene into the DNA template; if you can detect the 
reporter gene output (commonly fluorescence), then your genes 
have been successfully integrated into the genome. This type 
of reporter gene can also be used for successful sorting of rare 
edited cells out of the total population.

A more detailed analysis of editing results can be obtained by 
performing DNA sequencing on the target region. As sequencing 
can reveal the nucleotide sequence of each cell, it can easily 
detect if you have made any changes to your target genes and 
even tell you the nature of those changes. It is important to note 
that DNA sequencing is not suitable for validating any epigenetic 
manipulations, as the nucleotide sequence would be unaltered. 

The easiest sequencing-based approach is to amplify 
the edited region by PCR and sequence it using Sanger 
sequencing. The Sanger sequencing data can be analysed 
using commercially available software tools. A longer, 
more involved option for edit validation is next generation 
sequencing (NGS). NGS-based analysis can provide more 
information on the editing, including identification of off-target 
effects, but it is generally more expensive and requires more 
complex bioinformatics. 
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PROCESS AUTOMATION AND MINIATURISATION
One challenge faced by researchers attempting CRISPR 
experiments with traditional lab techniques is that they have to 
perform each stage manually. Not only is this a slow, tedious, 
and inefficient process, it can also increase the overall cost of 
the experiment through material wastage and greater time 
investment. For CRISPR to become more accessible, especially on 
a larger or more economic scale, there needs to be more effective 
ways of performing these experiments. 

A possible solution that is starting to see increasing interest across 
the field is automation. By reducing the time required for each 
reaction stage and giving researchers the freedom to work on other 
tasks, automated systems can make CRISPR workflows a much more 
attractive prospect. Miniaturisation to a pL-nL scale with automated 
technologies also means that there is much less (e.g. 50-fold) material 
consumption than in conventional scale workflows.

Another area with great potential is the use of modern technology, 
such as microfluidics, to further improve the efficiency of 
intracellular delivery of genome editing components. When using 
traditional bulk transduction or transfection methods, there is no 
direct control over each cell’s uptake of the reagents. As a result, 
some cells may not receive any of the components at all, whereas 
others could end up with several copies of each. If one or more 
components are absent from the cells, then no editing will take 
place; if too many copies are introduced, then there is a greater 
chance of errors in editing (off-target effects). In either case, any 
conclusions drawn from these cells are likely to be inaccurate. 

The use of pL-volume aqueous compartments in oil (picodroplets) 
alongside automated instruments and biochips make it possible to 
prepare single cells in a stream of picodroplets. The stream can then 
be individually fused with another stream of picodroplets containing 
your CRISPR reagents. By compartmentalising cells and CRISPR 
components individually, you can be certain that each cell receives 
the desired dosage and type of genome editing reagents. As a 
result, you are more likely to conclude your experiment with a larger 
number of correctly edited cells. When using viral delivery vectors, 
this approach also reduces the risk of oncogenicity by precisely 
controlling the number of vectors than can enter each cell. 

Automation and miniaturisation of CRISPR workflows is currently a 
novel approach, but it has already been found to offer significant 
advantages over traditional, manual approaches. Further 
downstream processes such as single cell incubation, growth, and 
phenotypic sorting are now also possible using picodroplet-based 
microfluidics. If you intend to carry out many CRISPR experiments, 
it may be worthwhile to consider investing in such an approach that 
could potentially save you time and resources, and increase your 
chances of generating accurate, valid results. 

SUMMARY
CRISPR has the potential to completely change the way 
in which we edit genomes due to its accuracy and its 
simplicity. This chapter has outlined some of the most 
common options you have available when designing and 
running your CRISPR experiments, as well as the factors you 
should consider when making decisions. 

While considering CRISPR at a lab level is important, it can 
also be useful to keep the larger picture in mind. Gene 
editing technologies have advanced significantly in the last 
decade and a range of real-world applications are now 
starting to influence the genomic landscape. The following 
chapter will outline some of the most high profile uses of 
gene editing and discuss how they can be used to advance 
genomics and health further than ever before. n
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INTRODUCTION
Understanding how gene editing techniques like CRISPR are 
used in the lab is an important step towards being able to 
develop your own experiments, but there is also a bigger 
picture to consider. Gene editing has tremendous potential 
for both healthcare and research applications. This chapter 
will discuss the ways in which gene editing is currently being 
used to develop novel disease treatments and to further our 
understanding of the genome. 

CANCER TREATMENTS
One of the first topics that people think of when considering 
genetic disease is cancer. Cancer, a term that refers to a range of 
related conditions, is the second leading cause of death worldwide 
according to the World Health Organisation, and was responsible 
for 8.8 million deaths in 2015. The healthcare implications of such 
a wide-spread and serious disease do not only affect the patients 
themselves; there is a large economic consideration too. In 2010, it 
was estimated that the annual economic cost of cancer alone was 
roughly $1.16 trillion. 

Current cancer treatments utilise a range of different approaches 
to kill cancer cells. The oldest treatments are chemotherapy, which 
uses non-targeted chemicals capable of stimulating cell death, 
and radiotherapy, which involves irradiating cancer cells. Both of 
these therapies are still being used to treat cancer patients with 
success, although they have gradually become more targeted 
and less harmful. Nonetheless, these therapies are characterised 
by aggressive, harmful side effects as a result of the treatment 
damaging healthy tissues. 

These side effects and the potential risks have encouraged many 
researchers to develop more targeted, effective, and safer therapies. Of 
these, there are some novel treatment approaches that stand to benefit 
from progress in gene editing; one such treatment is CAR-T therapy. 

CAR-T THERAPIES

Chimeric Antigen Receptor T-cell (CAR-T) therapy is a recently 
developed anti-cancer treatment that involves turning the patient’s 
immune system against their disease. The treatment’s primary agents, 
T-cells, are a major component of the cell-mediated immune system 
in humans and are the mechanism by which we recognise foreign 
pathogens. When non-self material is detected, T-cells that are capable 
of recognising peptides on the organism’s surface are activated and 
start to stimulate secondary immune cells. As the T-cells are capable 
of identifying the foreign cells’ unique surface proteins, they can direct 
other immune cells to attack the pathogen without harming any of the 
surrounding self material that do not express those proteins. 

Theoretically, T-cells should be able to detect cancerous tissues in 
the same way they identify foreign pathogens, but this has proven 
to not be the case. Instead, cancerous cells have developed certain 
characteristics that enable them to go unnoticed by the immune 
system, allowing them to proliferate and metastasise. The principle 
of CAR-T therapy is to correct this oversight. 

The therapy starts by removing T-cells from a patient’s blood and 
modifying them in a way that enables them to identify cancer 
cells. In most cases, this means treating the T-cells in a way that 
encourages them to present chimeric antigen receptors for a 
protein called CD19, which is present on the surface of many types 
of blood cancer cell. The modified T-cells can then be re-injected 
into the patient, where they should be able to recognise the 
cancerous tissue and recruit the immune system to attack it. 
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This approach has already been found 
to be very effective for a small subset of 
cancer patients who would otherwise 
have no treatment options available. 
There are some drawbacks of the 
treatment, however, which need to be 
resolved for CAR-T therapy to be suitable 
and effective for broader groups of 
patients. In some cases, gene editing 
may present the solution. 

One of the primary drawbacks is 
that after modification, the T-cells 
display both the cancer-targeting 
receptors and the endogenous 
receptors that were expressed 
prior to the manipulation. This dual 
expression profile can influence 
both the specificity and potency of 
the cells, making it much harder to 
predict a clinical treatment outcome. 
If the specificity of the cells is severely 
compromised, it can result in side 
effects that could be lethal to patients. 
At the same time, if the potency is 
critically reduced, the treatment will 
be an ineffective way of stimulating 
the patient’s immune system and 
won’t result in cancer cell death. It is 
vital therefore that the specificity and 
potency of the cells is maintained after 
modification has taken place. 

By integrating gene editing techniques 
into the modification workflow, it is 
possible to prevent the possibility of 
the duel expression profile developing. 
A tool such as TALENs or CRISPR can 
be used to knock out the genes that 
code of the endogenous receptors, 
preventing their expression and 
ensuring the T-cells only display the 
anti-cancer receptors. With only 
one chimeric antigen receptor being 
expressed, the behaviour of the T-cells 
is much more predictable and reliable. 

Another issue with CAR-T therapy relates 
to the use of human immune cells as a 
treatment. All of the currently approved 
forms of CAR-T therapy involve using 
autologous T-cells, i.e. cells that have 
been harvested from the patient being 
treated with them. The reason for this is 
that by using cells native to the patient, 
there is no risk of them being rejected 
by the immune system when they are 
returned to patient post-modifications. 
If there was a high risk of rejection, it 
would put the patient’s health at risk and 

potentially prevent the treatment from 
working if the cells are destroyed before 
they can target the cancer. Autologous 
cells are identified by the patient’s body 
as self and so they will not be attacked. 

While this approach is the safest option, 
it makes large-scale treatment much 
more complicated for clinicians. Instead 
of drawing from a single bulk solution 
of universal modified T-cells for all 
patients (as can be done with traditional 
drugs), clinicians need to synthesise a 
unique pool of modified T-cells for each 
of their patients. Because of the level 
of customisation necessary, the time 
commitment and cost of CAR-T therapy 
is very high. 

Gene editing may be able to provide 
a solution that reduces the cost of 
treatment without increasing the risk 
of transplant rejection for patients. The 
primary recognition factor used by our 
immune systems to distinguish between 
self and non-self is known as the human 
leukocyte antigen (HLA). In theory, if 
a gene editing tool is used to silence 
HLA production in T-cells, then the 
immune system will no longer be able to 
identify them as non-self, and thus will 
not react against them. This allogenic 
approach would mean that all patients 
could be treated from the same pool of 
T-cells, and there wouldn’t be a need for 
personalised therapies for every patient. 
In this way, the cost of treatment would 
be significantly reduced. 

The final drawback of CAR-T therapy is 
a problem that has been encountered 
with many different types of anti-
cancer treatments: tumour cells have 
the capacity to become resistant to 
it. Cancerous tissue has been found 
to deploy several different resistance 
pathways to this treatment, such as 
silencing expression of the target CD19 
proteins on their surface or inhibiting 
the effector functions of T-cells. With 
their effector functions silenced, T-cells 
are effectively crippled, as they lose their 
ability to identify the cells they come 
into contact with. Without a functional 
recognition mechanism, the T-cells 
cannot stimulate the immune system 
against cancer cells or pathogens. 

Fortunately, research has been able to 
identify a number of effector functions 

FDA APPROVALS
The last year has seen 
CAR-T therapies progress 
significantly. A big part of 
that progression was tied to 
the high profile successes 
and failures of various 
pharmaceutical companies, 
particularly in the United 
States, when trying to bring 
their own CAR-T therapies to 
the market. 

On the more positive side, 
two CAR-T therapies received 
approval from the US Food 
and Drug Administration 
(FDA) this year. The first was 
Novartis’ Kymriah, which was 
approved for the treatment 
of paediatric patients 
with acute lymphoblastic 
leukaemia (ALL) in August 
2017. In October of the same 
year, the second anti-cancer 
gene therapy, Gilead Sciences’ 
Yescarta, also received 
approval for a select subset of 
patients with non-Hodgkin’s 
lymphoma. 

Other CAR-T therapy offerings 
haven’t been as lucky. In 
September 2017, Cellectis was 
forced to put their clinical 
trials on hold after the death 
of a 78 year old patient. This 
was a particularly striking 
development as Cellectis’ 
treatment enables the use of 
allogenic T-cells, instead of 
autologous, and thus could 
present a much cheaper 
alternative than the other 
therapies on offer. An 
important finding from the 
trial was that the patient did 
not demonstrate any sign of 
transplant rejection at the 
time of death, and the fatality 
was ruled as unrelated to 
an immune response. In 
November 2017, the trial 
was resumed following 
negotiations with the FDA.
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within T-cells that are specifically targeted 
by cancer cells. By using gene editing tools 
to knock out or alter the genes that are 
being directly targeted, the T-cells can be 
immunised against the silencing effect 
without compromising their activity. Our 
ability to do this is still quite limited; there are 
several resistance pathways used by cancer 
cells that we cannot guard against, restricting 
the functionality of CAR-T therapies. 
Nonetheless, there is currently a large amount 
of research being carried out that hopes to 
develop pathways to avoid known cancer 
resistance pathways. 

HIV TREATMENTS
Research into HIV and its possible cures 
has been of great scientific interest for two 
core reasons: the disease affects a total of 
roughly 36.7 million people worldwide (at the 
end of 2016, according to the World Health 
Organisation) and it is an effective model 
through which we can learn more about viral 
infection and treatment. At the present time, 

patients with HIV can keep their infection 
under control with regular medication, but 
there is currently no way to cure the disease 
permanently. Some researchers are now 
hoping that we may be more successful at 
producing a cure if we use the gene editing 
techniques available. 

Some of this research has focused on the viral 
infection process to produce novel targets. 
Studies have identified that, during the 
primary infection process, the virus binds to 
the CCR5 co-receptor on the surface of human 
cells. It is this binding that allows the virus to 
pass through the cellular membrane and into 
the cytoplasm, where it can move onto the 
nucleus and take over the cell. 

This mechanism indicates that if the CCR5 
co-receptor were to be deactivated, it 
would prevent HIV from being able to 
infect new cells. To this end, researchers 
have been investigating whether it is 
possible to edit ex vivo cells to knock out 
the receptor without compromising the 
regular activity of the cell. 

“SOME 
RESEARCHERS 
ARE NOW 
HOPING 
THAT WE MAY 
BE MORE 
SUCCESSFUL 
AT PRODUCING 
A CURE IF 
WE USE THE 
GENE EDITING 
TECHNIQUES 
AVAILABLE.”
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A study published in Molecular Therapy in May 2017 (C. Yin et 
al.) demonstrated that this is possible in vivo with CRISPR. Using 
mice that had been transplanted with infected human tissue, the 
team developed CRISPR components that targeted select regions 
of the viral genome involved in replication. Their results found 
that by causing mutations in these regions, the team were able to 
effectively eradicate the virus from cells without harming the mice. 
This work is still a long way from clinical application, but the results 
are encouraging for other groups trying to utilise this approach. 

The different treatment approaches discussed here are very 
promising for future HIV therapies, but they also carry significant 
interest for research into other viruses. There are many different 
viruses that threaten human health, such as Ebola, Dengue, and 
Zika, all of which have been the cause of significant humanitarian 
crises over the last few years. If one of these therapies is found to 
be effective at treating or curing HIV, then it could likely also be 
adapted to treat some of these viruses as well.

HAEMATOLOGICAL DISEASES
Haematological diseases are a group of different conditions that 
are linked by the fact that they affect blood cells. The variation in 
severity and mechanisms across these conditions mean that it is 
impossible to develop a single treatment that is capable of being 
effective against all of them. Instead, different research groups 
work on specific conditions, such as haemophilia or leukaemia. One 
disease in particular that has garnered attention within the gene 
editing community is sickle-cell anaemia. 

SICKLE-CELL ANAEMIA

Sickle-cell anaemia is a condition that is characterised by short-lived 
red blood cells that have deformed into a sickle shape, granting the 
disease its name. The deformity not only compromises the cells’ 
ability to carry oxygen around the body, but they also present a 
greater risk of blood clots forming, as the abnormal shape causes 
the cells to clump together. The disease currently has no cure, 
although some treatments are available that can help to reduce the 
most severe symptoms. 

While there is no cure for the condition, however, this is not a result of 
a poor disease understanding. Sickle cell anaemia is a relatively simple 
genetic condition, which arises when a point mutation develops in the 
β-globin gene of a patient with β-thalassaemia, a second condition 
caused by a separate mutation in the same gene. When both gene 
mutations are present, the patient will develop sickle-cell. 

As there is only one disease-linked gene to consider, it should 
be relatively simple, in theory, to correct the mutation with gene 
editing tools. There are a number of ways in which this could be 
done, such as using CRISPR to stimulate HDR for the insertion of a 
functional β-globin gene or influencing gene transcription. 

The latter of these possibilities has been the focus of several 
studies in the past. In particular, researchers have tried to 
knockout the BCL11A gene, which is a transcriptional regulator 
that helps suppress the γ-globin gene. The γ-globin globin gene is 
expressed during foetal development, but is silenced after birth. 

AS VIRAL INFECTION IS 
FACILITATED BY THE 
TRANSFER OF VIRAL DNA 

INTO A HUMAN CELL, IT MAY BE 
POSSIBLE TO TARGET THE FOREIGN 
DNA WITH GENE EDITING TECHNIQUES.“

If the edited somatic cells continue to function as normal, they could 
then be reintroduced to the patient, in a mechanism similar to CAR-T 
therapies. The reinserted cells would theoretically be immune to the 
virus, although there is a risk that the virus could develop alternate 
pathways for primary infection. If this proves to be the case, this 
treatment would cease to be effective.  

This approach to HIV treatment is still relatively novel, with early 
stage human trials starting to emerge in the literature. It has largely 
been championed by Sangamo Therapeutics, which is currently 
running clinical trials involving using ZFNs to immunise T-cells and 
haematopoietic stem cells against the virus. The initial results of this 
trial, and others like it, appear to be promising, but much more work 
is needed to investigate the possible side effects or complications. 
Further development would also help researchers to increase the 
efficacy of the treatment to ensure that a sufficient number of cells 
are edited correctly, conveying as strong an immunity as possible. 

A similar approach that has taken cues from cancer CAR-T therapies 
involves editing a patient’s immune cells, specifically T-cells, to 
recognise and target HIV-infected issues. As with the corresponding 
cancer treatment, the T-cells can be taken from a patient, edited in a 
way that enables them to recognise HIV-specific cell surface proteins, 
and then reinserted into the patient. By utilising the same mechanism 
of cancer CAR-T therapies, this approach has the potential to achieve 
the same success, but it also carries the same drawbacks. Gene editing 
may be able to help overcome these problems, as was discussed in the 
previous section, but more work is needed to be certain.

In January 2018, a study was published in PLOS Pathogens (A. Zhen 
et al.) that demonstrated this technique could successfully treat HIV 
infections in vitro and in non-human primates. The research was 
particularly notable as the team were able to demonstrate that the 
effects of the treatment persisted for two years without the need 
for further doses. The study is not conclusive evidence that this 
approach would work in humans, as it didn’t involve human trials 
and the modified T-cells did not attack infected cells in which the 
HIV was dormant, but it is an indication that the therapy may be 
effective in the future. 

A more direct approach would be to attack the virus itself. As viral 
infection is facilitated by the transfer of viral DNA into a human 
cell, it may be possible to target the foreign DNA with gene editing 
techniques. It is for this very reason that the CRISPR system 
developed in bacteria in the first place. If a gene editing tool could 
be targeted towards a section of viral DNA that is vital for survival or 
proliferation, clinicians may be able to eradicate the virus without 
influencing the human components of the cells at all. 
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If it subsequently becomes upregulated once more after this, it 
can compensate for β-globin deficiencies by fulfilling a similar 
role within cells. These characteristics mean that if the repressive 
activity of BCL11A was to be silenced, the increased activity of 
γ-globin could compensate for both of the mutations in question. 

In practice, it is not as simple as just knocking out BCL11A, however. 
Research has shown that without the gene, nonerythroid cells are 
compromised and cannot function correctly, severely impacting the 
health of the organism. One way to get around this problem may 
be to target an enhancer region that is responsible for BCL11A, 
enabling the upregulation of γ-globin without having a negative 
effect on nonerythroid cells. 

This technique has not been used in humans, but it has shown 
promise in early studies. With more work, it is possible that it may 
be developed into a treatment for sickle cell disease, but that is a 
long way off right now.

Alternatively, it may be possible to take a more direct approach. 
A study published in September 2017 in Protein & Cell (P. Liang et 
al.) reported that researchers had successfully corrected the gene 
mutation responsible for β-thalassaemia using a novel ‘base editor’ 
in human embryos. The gene editing tool they used was an RNA-
protein complex that they had adapted from cytidine deaminase 
and the CRISPR system, allowing them to alter single bases at a 
time. As β-thalassaemia is characterised by a point mutation, the 
tool was developed to be highly targeted to a specific base pair. 

Using this technique, the team attempted to correct the 
β-thalassaemia mutation in non-viable human embryos. 

They were not able to correct the mutation in all of the embryos 
they worked with (there was a success rate of roughly 1 in 5), but 
there was evidence that the technique could be used to correct 
the β-thalassaemia mutation without significant off-target effects. 
As with BCL11A regulation, this work is still in the early stages and 
will not be used to treat humans for a long time; nonetheless, 
it indicates that precise gene editing may be used to cure 
β-thalassaemia, and potentially sickle cell disease, in the future. 

CRISPR SCREENING
While healthcare and medicine are major components of future 
gene editing applications, there are other possibilities too. In 
particular, the ability to activate and deactivate targeted genes 
at will has great potential within genomic research, as it allows 
us to clearly and reliably study gene function in a way that wasn’t 
previously possible. If we accurately knockout a gene of unknown 
function in a cell line, we can then examine any corresponding 
changes in the phenotype that result from the gene knockout. For 
example, if the silencing of a gene is immediately followed by a 
drop in the level of a certain protein, then we can reason that the 
gene is somehow involved in production of that protein.

In the past, this type of research has been carried out using a 
technique known as RNA interference (RNAi). The issue with this 
method is that RNAi suffers from poor specificity and is limited to 
studying coding regions of the genome because of its reliance on 
transcription. These drawbacks have meant that many researchers 
are now turning to gene editing techniques, particularly CRISPR, as 
a way of rapidly characterising genes. 

“IF WE 
ACCURATELY 

KNOCKOUT 
A GENE OF 
UNKNOWN 

FUNCTION IN 
A CELL LINE, 

WE CAN THEN 
EXAMINE ANY 

CORRESPONDING 
CHANGES IN 

THE PHENOTYPE 
THAT RESULT 

FROM THE GENE 
KNOCKOUT.”
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The primary advantage of CRISPR 
in this area is that the nuclease 
can be retargeted at different 
genomic loci with very minor 
changes to the system, i.e. using a 
different gRNA. This means that a 
range of edits in a cell line can be 
generated very quickly, by providing 
the Cas9 nucleases with a pool 
of predesigned gRNAs, each of 
which will correspond to an editing 
site. In this way, it is possible for 
researchers to knockout many 
different genes with relative ease. 
Importantly, this approach doesn’t 
suffer from the same drawbacks as 
RNAi; as it works at a genomic (and 
not transcriptomic) level, it can be 
used to study both coding and non-
coding regions. At the same time, the 
highly selective nature of the system, 
particularly when using hfCas9 or 
Cas9n, means that this technique 
is significantly more accurate than 
RNAi and will demonstrate fewer off-
target effects. 

Using CRISPR screening, researchers 
have been able to interrogate many 
genes that were previously poorly 
understood, particularly within non-
coding genetic regions. 

BIOHACKING
Of all the potential applications 
discussed in this chapter, 
biohacking is by far the most 
controversial. It is a concept that 
has emerged over the last two 
years, and typically involves people 
injecting themselves with gene 
editing technologies that have not 
undergone clinical trials, frequently 
in front of an audience. 

While there are several people who 
now claim the title of biohacker, 
the most prominent figure within 
the movement is ex-NASA scientist 
Josiah Zayner, who drew public 
attention in October 2017 when 
he injected himself with CRISPR 
while live-streaming. The purpose 
of his experiment, he said, was to 
make himself a ‘superhuman’ by 
knocking out the gene that codes 
for myostatin, a hormone that 
inhibits muscle growth. Without it, 

his body should theoretically build 
muscle more easily and quickly. 
In practice, the treatment did not 
appear to have any effect, positive 
or negative. 

The response from the scientific 
community to his actions was mixed. 
Some people applauded Zayner 
for taking such a bold position 
on moving the industry forwards, 
while others criticised him for 
encouraging others to attempt to 
use potentially harmful therapies. 
Despite the backlash, Zayner stood 
by his actions until February 2018, 
when he revealed in an interview 
that he had come to regret injecting 
himself because of the influence 
it had had over other biohackers. 
The admission came after Aaron 
Traywick, CEO of Ascendance 
Biomedical, injected himself with 
his company’s experimental herpes 
treatment live on stage.

Beyond public opinion, biohacking 
has drawn the attention of a range 
of regulatory agencies, most notably 
the FDA. In November 2017, the 
agency warned biohackers that they 
would be taking steps to prevent the 
growing use of unapproved gene 
therapies, citing them as a risk to 
public health. 

Whether or not biohackers have 
broken the law by injecting 
themselves is a relatively grey area; 
promoting or facilitating the use of 
unapproved medical treatments 
is illegal in the US, but, provided 
that the chemicals being used are 
not illegal, people have the right to 
inject whatever they wish. As the 
components needed for CRISPR are 
completely legal, there is a strong 
argument that supports the rights of 
biohackers to continue their work. 

Following the announcement, in 
December 2017, two separate 
companies rejected the FDA’s 
intentions and committed 
themselves to continuing to offer the 
materials needed for biohacking. At 
the time of writing, no legal action 
has been raised against either 
company for their manufacturing 
or marketing of these products. 
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This does not mean that the FDA will not choose to restrict these 
companies in the future, but for now, it is possible for any citizen to 
gain access to the tools they would need to alter their DNA. 

The primary issue raised by the regulatory agencies and other 
concerned parties is that, as the gene editing techniques being used 
have never gone through clinical trials in humans, there is a risk of 
serious side effects. Making this worse is that there is currently no 
indication that the treatments will have any positive influence either; 
of the people who have chosen to inject themselves so far, there has 
been no official confirmation of the therapy being successful. Despite 
the risks, however, it is likely that biohackers will continue to perform 
gene editing experiments on themselves unless legislation or safe 
guards are put in place to prevent the practice. 

CLINICAL IN VIVO GENE EDITING
Alongside biohackers, there are also some clinicians who are 
working towards bringing gene editing into healthcare as a way of 
treating genetic conditions that don’t have effective therapies. In 
November 2017, UCSF Benioff Children’s Hospital Oakland became 
the first medical institution to report that they had injected a 
patient with ZFNs in a clinical setting. 

The patient in question was a 44 year old man with Hunter syndrome, a 
disease that is caused by a deficiency in an enzyme linked to carbohydrate 
digestion. Hunter syndrome is not an immediately life threatening 
condition, but current treatments are very expensive and are unable to 
prevent the development of brain damage over time. This, alongside the 
relatively simple genetic root, makes the condition a perfect target for 
gene therapy experiments. Because of this, the clinicians chose to offer 
the patient the opportunity to take part in an experimental trial, which 
involved injecting him with ZFNs to correct the genetic fault. 

In early February 2018, the hospital announced that they had 
gone on to treat a second patient after the first demonstrated no 

major side effects within the first three months. The first patient 
is reported to have suffered minor side effects for several days 
after the injection (sweating and dizziness), but they passed quickly 
and didn’t cause lasting damage. Importantly, the treatment didn’t 
appear to have a negative effect on the patient’s liver, something 
which would indicate that the patient’s immune system was fighting 
against the treatment. 

The results from this case are very promising for future 
experiments that hope to use gene editing tools in vivo, but there 
are some caveats to be aware of. The most important factor is that 
this work only involved relatively low doses of ZFNs, at levels that 
would not be suitable for many treatments. It is possible that at 
higher doses, a patient’s immune system would reactive negatively 
to the treatment, preventing it from being effective and potentially 
worsening the patient’s health. 

Despite the limits of this case when predicting the activity of future 
trials, it provides us with some hope that gene editing could one 
day be used in vivo to treat particular conditions. 

SUMMARY
Gene editing has tremendous potential within both healthcare and 
research. This chapter outlines some of the most advanced uses 
of this technology so far, but this is all still in its early development. 
As our ability to edit genes becomes more accurate and facile, it is 
likely that the range of possible uses will likewise expand beyond 
what we have discussed here. 

For all the possible uses of gene editing, however, there are also ethical 
considerations that need to be made. The nature of this technology is 
such that it could have a large, unintended impact on our world in the 
future and researchers are still trying to find a balance between the 
benefits and risks of gene editing. The following chapter will discuss 
these concerns and the legality of performing such experiments. n

“THE NATURE OF THIS 
TECHNOLOGY IS SUCH THAT 
IT COULD HAVE A LARGE, 
UNINTENDED IMPACT ON OUR 
WORLD IN THE FUTURE AND 
RESEARCHERS ARE STILL TRYING 
TO FIND A BALANCE BETWEEN 
THE BENEFITS AND RISKS OF 
GENE EDITING.”
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CHAPTER 4:

ETHICAL 
IMPLICATIONS



INTRODUCTION
As the previous chapter has shown, gene editing has the potential 
to drastically change the way we treat diseases and, hopefully, 
significantly improve human health. At the same time, it is important 
to understand that the idea of changing our genetic code is not as 
simple as treating or curing a particular disease; it is a complex, 
highly contested issue with regard to both ethics and legality. 

This chapter will discuss the ethical concerns that have been raised 
about editing human DNA and the laws that are in place to govern such 
experiments. We will also consider how the public feels about the field 
at the present time and how this can impact regulations and control. 

EMBRYONIC GENE EDITING
By far the most contentious issue is the idea of introducing 
mutations into the human germline, i.e. editing human embryos 
at the moment of fertilisation. This is different to the previously 
discussed gene editing applications in one very important way: any 
edits created will be present in all cells within the body. Whereas 
targeted treatments like CAR-T therapies only involve editing a small 
number of somatic (non-sex) cells, embryonic gene editing will affect 
every cell in the organism, both somatic and germline (sex cells). 

The main concern with this is that by editing the germline, the 
mutations will not be solely limited to the organism being treated. 
Instead, they would have the capacity to be passed down to 
subsequent generations, allowing them to spread across the 
population. This means that a single edit made in the human 
germline now could have massive, unintended consequences on the 
human population in the future, in a way that we cannot currently 
predict. The far reaching implications of this threat have led to many 
researchers arguing against the use of human embryos in gene editing 
experiments, at least until we understand the genome more clearly. 

Others, however, have argued that there is much to be learned 
from using gene editing techniques to study human embryos. More 
than 80% of miscarriages occur in the first 12 weeks of pregnancy 
and yet we have a very poor understanding of why this happens, in 
part because embryonic study is so tightly regulated. If researchers 
could use gene editing in knockout studies of human embryos, they 
may be able to learn more about which genes are vital for early 
development and how their activity can be compromised. 

To this end, the UK Human Fertilisation and Embryology Authority 
(HFEA) announced in early 2016 that they had granted permission for 
researchers at the Francis Crick Institute in London to use CRISPR in viable 
human embryos. At around the same time, researchers at the Karolinska 
Institutet in Sweden received similar dispensation. Both groups were 
required to follow certain restrictions, including the stipulation that none 
of the edited embryos could be inserted into women afterwards and the 
14 day rule, which will be discussed later in this chapter. 

These restrictions were implemented to maintain ethical integrity, 
without preventing the two research teams for generating insights 
into early embryonic development. While some people disagreed 
with the nature of the research, many people voiced their support 
of the projects as an ethically responsible way of learning more 
about the early stages of pregnancy. 
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By involving an ethical review board, the teams ensured that they 
could demonstrate they were following morally sound practices 
and techniques, without restricting their research. 

These two research projects were landmark gene editing studies 
because they were the first to seek official permission from regulatory 
agencies and the first to use human embryos that were viable, i.e. could 
be brought to term. They were not, however, the first experiments to 
use CRISPR in human embryos. In April 2015, a paper was published 
in Protein & Cell (P. Liang et al.) that reported the use of CRISPR in 
human embryos in an attempt to correct the mutation responsible 
for β-thalassaemia. The study saw only limited success: embryos that 
were edited were typically mosaic (some cells had the edits while others 
didn’t), and the team detected high levels of off-target effects that could 
have been devastating if the embryos had been brought to term. 

The publication of this paper garnered a substantial amount of 
attention, both within genomics and by the mainstream media. 
Many people were concerned that this type of research (i.e. 
human embryonic gene editing) could be completed without 
undergoing an approvals process involving an ethical committee, 
and it sparked several debates about the regulation of gene 
editing. Some of the worries were allayed by the fact that the 
study involved non-viable embryos, which could not develop into 
infants regardless of the researchers’ activities. Nonetheless, this 
publication was seen by many as a ‘wake-up call’ for institutions 
and governments to start to regulate the use of gene editing 
techniques in human embryos. 

THREE-PARENT BABIES

Another story within this field that caught the attention of the 
international media was a case from 2016 in which the DNA of 
a human embryo was removed from the mother’s ovum and 
injected into that of a donor. In the strictest sense, this case did 
not involve any gene editing, as the nuclear DNA of the child 
was not intentionally altered in any way. However, the process 
involved removing the DNA from an egg that contained the 
mother’s mitochondria (and therefore her mitochondrial DNA) 
and reinserting it into an egg containing the mitochondria of a 
third party (the egg donor). The nature of this method has led to 
it being dubbed the ‘three person’ fertility technique.

This wasn’t the first time that a ‘three person’ technique had 
been used in human embryos, although it was the first case using 
this particular method. In the ‘90s, two babies were successfully 
brought to term in the US, having been created using a different 
technique. Ultimately, however, both of the children developed 
genetic disorders, prompting the banning of the technique in 
the US and dissuading other teams from attempting something 
similar for a long time. It was because of this American ban that 
the team behind the 2016 case chose to travel with the family to 
Mexico, despite their laboratory being based in New York City. 

News of the case produced varied reactions across the world. 
Some of those who commented on the case argued that the 
technique was necessary for these parents because they had 
already suffered four miscarriages and the death of two children. 
These were the result of a genetic disorder the mother carried 
known as Leigh Syndrome. The condition is characterised by a 
fault in the mitochondrial DNA that affects respiration in cells 
and causes a progressive loss of movement and mental abilities. 

Others also pointed out that as the donor DNA was restricted to 
the mitochondrial DNA (about 0.1% of the total genome), it will not 
be passed onto any offspring. This is because mitochondria are 
passed down the matrilineal line and the child in question is male.

On the other hand, some groups have raised concerns about 
the case. The biggest worry is safety; the only examples we have 
of three-person babies are the previously mentioned children 
who were born in the USA. Without any examples using the 
method utilised in this particular case, there was no evidence to 
indicate that the child, now almost 2 years old, would develop 
without complications. In particular, some researchers were 
concerned that traces of the mother’s mitochondrial DNA would 
remain in the embryo and could lead to the development of 
Leigh Syndrome. 

Another concern that has been voiced is that the child involved 
did not give their consent for this process to be carried out. 
In medicine, patients maintain the right to refuse treatment 
under the human right of bodily integrity. The right, which is 
upheld internationally across multiple legal systems, grants a 
person autonomy over their own physical being and means 
that everyone should have control over what happens to their 
body. In this particular case, it can be argued that the procedure 
violated this right, as the child did not grant the team consent. 

The most common argument against this standpoint is found in 
pre-existing neonatal care strategies. When a newborn requires 
a medical intervention, it is obvious that the patient themselves 
cannot grant or refuse consent; instead the clinicians have to 
seek permission from the legal guardians of the child. The same 
is true for older patients who cannot communicate with medical 
professionals for any reason: the matter of consent falls to the 
delegated next of kin. 

It is unlikely that we will reach a clear consensus on the ethics 
of this case in the near future, something that is made more 
improbable by the fact that we have very limited information 
on the outcome of the case. In April 2017, the team behind the 
case published a paper in Reproductive Biomedicine Online (J. 
Zhang et al.) that provided more details on the nature of their 
technique, but no further information on the child in question. 
The study also stated that the parents of the boy had refused to 
undergo any further mitochondrial testing or monitoring unless 
it was medically necessary, indicating that we are unlikely to 
hear anything more. 

Despite the lack of long term monitoring and the ethical concerns 
about three-person fertility techniques, the 2016 case did 
encourage some governments to consider the proposition it 
raised. One of the most positive responses was seen in the UK, 
where the HFEA granted a license to perform the technique to 
the Newcastle Fertility Clinic in March 2017. In January 2018, it 
was announced that the clinic had been granted permission to 
use the technique on two women at risk of passing on a life-
threatening genetic disease (Merrf syndrome) to their children. 

As this work is still so recent, we have no way of knowing what 
the long term health risks of this technique are. However, 
early results have been promising and have enabled women 
who would otherwise be unable to have healthy children to 
procreate without risk. 
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One of the reasons that the legal regulations of gene editing are so 
unclear is that the field moves at a much faster rate than a legislative 
system. CRISPR was only successfully used to perform gene editing 
in prokaryotic cells in 2012, and wasn’t adapted for eukaryotic cells 
until the following year; nonetheless, the tool is already being used 
in experiments involving human embryos. 

The very short amount of time between the discovery and 
potentially objectionable use of CRISPR hasn’t given lawmakers a 
sufficient opportunity to implement controls on the tool’s use. As a 
result, there is not a clearly defined set of regulations that can be 
applied to gene editing experiments and researchers have to instead 
try to work around older legislation which was not written with this 
type of work in mind. 

This lack of clarity is not helped by the fact that the laws that 
surround gene editing, and, in particular, human embryonic gene 
editing, are not consistent internationally. 

This means that researchers who wish to perform experiments that 
may not be permitted in their own country can exploit geographic 
loopholes by travelling abroad to complete their work. The so-called 
three-person baby discussed earlier is just one example of this, 
where the medical team from the USA travelled to Mexico in an 
attempt to avoid more restrictive US legislation. 

This problem extends to the legality of working with human 
embryos too. Typically, countries can fall into one of three 
categories:

1. The country has legislative bans against genetic modification of 
human embryos that can be legally enforced. These bans may 
concern editing in a research context, within the clinic, or both. 
This category includes many European countries such as the UK 
and Germany, as well as some countries outside of Europe, such 
as Canada. 

2. The country relies on guidelines that restrict the use of human 
embryos in gene editing experiments, but which, crucially, 
cannot be legally enforced. Japan, China, and the Republic of 
Ireland all utilise these guideline bans. 

3. The country currently has ambiguous laws that cannot be easily 
applied to specific research or has laws that are very poorly 
regulated, allowing researchers to perform experiments without 
significant oversight or control. These countries include Iceland, 
Russia, and Argentina. 

There are some countries that cannot comfortably fall into any of 
these three categories, including the United States. Instead, the 
US relies on specific, targeted laws, such as the regulations that 
prevent the use of three-person fertility techniques, and doesn’t 
enforce broader legal bans. 

One control that is applied to all researchers is that the US 
government is prohibited from using federal funds to support 
research involving human embryo editing. This approach can make 
this type of research inaccessible for some teams, but it can be 
circumvented if a team can secure private funding. 

THIS LACK OF 
CLARITY IS NOT 
HELPED BY THE 
FACT THAT THE 
LAWS THAT 
SURROUND GENE 
EDITING, AND, 
IN PARTICULAR, 
HUMAN 
EMBRYONIC GENE 
EDITING, ARE 
NOT CONSISTENT 
INTERNATIONALLY.”

LEGALITY
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While the regulations controlling editing human embryos can vary 
dramatically, there are other laws in place on a more international 
basis that can restrict experiments in this area. One of the most 
prominent of these controls is the 14 Day Rule, which was first 
proposed by the American Ethics Advisory Board in 1979. The rule 
states that no human embryo should be involved in research after 
it is 14 days old, an age at which the primitive streak appears and 
the fertilised ovum begins to develop into a true embryo.

In the past, the rule hasn’t required enforcement because it is very 
difficult to culture embryos in vitro. A few years ago, the record 
for an embryonic life span outside of the womb was 9 days, well 
short of the 14 day limit. However, this is no longer the case; in 
May 2016, two papers were published in Nature (A. Deglincerti et 
al.) and Nature Cell Biology (M.N. Shahbazi et al.) that reported a 
new technique for sustaining human embryos in vitro. The novel 
approach allowed the researchers to keep the embryos alive for 13 
days, at which point the team terminated the experiment to avoid 
violating the 14 day rule. This development means that teams could 
choose to break the 14 day rule, indicating that there is a need for 
greater awareness and enforcement of the legislation. 

Outside of germline engineering, gene editing is much less 
contentious. As was stated in the previous section, somatic gene 
editing does not have the potential to be passed onto offspring 
and thus only has a very limited impact on the population. 
Because of this, researchers are largely unregulated by gene 
editing-specific guidelines when working with somatic tissues. If 
a team is using gene editing to develop a disease treatment that 
they will need to seek approval from a regulatory body, as they 
would need to do with any other medication. Otherwise, they only 
need to be concerned with general human tissue controls. 

As gene editing becomes a much more widely used tool, it is likely 
that more governmental agencies will start to take an interest in 
providing researchers with guidelines and regulations. Under the 
current system, it can be very unclear for researchers as to exactly 
what work is considered acceptable and which experiments 
they should avoid; this confusion can stifle innovation. At the 

same time, the lack of enforceable regulations enables some 
researchers to perform experiments that are ethically dubious 
and which could have a negative impact on the health of the 
patient, or the population. With clearer, firmed regulations, these 
problems could be avoided. 

PUBLIC OPINION
WITHIN THE SCIENTIFIC COMMUNITY

One of the most influential factors over any new gene editing 
legislation will be the opinions and suggestions presented to the 
government by scientific political advisors. In turn, this advice 
can be directed by the opinions of the scientific community 
as a whole; if the majority of researchers are in support of 
encouraging germline engineering, for example, then they can 
advocate for fewer restrictions of embryonic experiments. If 
the opposite is true, then the advisors can suggest more tightly 
controlled guidelines. 

It is important, therefore, to have some indication of the general 
consensus within the community regarding these matters. 
The most efficient way of gathering data to build a picture of 
researchers’ opinions is through the use of surveys. From the 
responses, it may be possible to draw conclusions about whether 
general opinion is positive or negative and, in some cases, what 
factors may affect an individual’s personal stance.

One such study, which was led by researchers at the Stanford 
University School of Medicine (A. Armsby et al.), was presented at 
the annual meeting of the American Society of Human Genetics 
(ASHG) in October 2017. The study involved talking with roughly 
500 members of ten different genomics organisations, spanning 
a broad geographical area to understand how opinions changed 
internationally. In particular, the questions were intended to 
interrogate how people felt about the use of gene editing as a 
medical therapy or as a way of enhancing the human condition 
beyond its current capacity.
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The team identified that there was substantial support for the 
use of gene editing in somatic cells as a way of treating disease, 
with more than 85% of respondents indicating that they thought 
it would be beneficial. Similarly, the majority of the geneticists 
involved were supportive of germline editing in the future for 
the purposes of disease prevention, although the percentage 
was slightly lower at 78%. In contrast, only 15% of the scientists 
involved supported the use of gene editing as a tool for advancing 
human abilities beyond what we are currently capable of, such as 
increased speed or strength. 

The analysis of the data collected in this study is still on-going, but 
the initial report did outline certain characteristics that influenced 
the respondents’ position. For example, younger participants who 
had fewer years of experience in genomics were generally more 
accepting of germline editing, as were those who identified as 
being less religious. Early results also indicated that someone’s 
view may be influenced by their occupation (such as a clinician 
or a research scientist), but further analysis is needed to draw 
conclusions from this data. 

This is not the only study of its kind. As gene editing becomes a 
more prominent and well-used technique, more research is being 
done into how people feel about the practice and where they 
believe the field will move next. Some institutions, such as the 
Nuffield Council on Bioethics, have been running surveys over the 
last few years to keep track of how people within the industry feel 
about the work being carried out. 

At the same time, some of the most prominent people within 
genomics have also been speaking out publically about the 
matter. In November 2017, Professor George Church from 
Harvard Medical School published an opinion article in the New 
England Journal of Medicine that argued against the need for 
banning research involving germline engineering. 

He reasoned that the improvements in the accuracy and 
controllability of CRISPR meant that it could be a very powerful 
tool in improving embryonic health and reducing the rate of 
life-threatening diseases. He also argued that by banning gene 
editing in embryos out of hand for fear of what could happen in 
the future, we may be harming ourselves even more by reducing 
our ability to cure disease. 

Articles such as this one can be influential, particularly when 
they are published by researchers who are known by many in 
the field. However, they cannot necessarily be considered a fair 
representation of the opinions of all, or even the majority, of 
scientists within genomics. Instead, they demonstrate a personal 
viewpoint and may, in some cases, outline the most important 
discussion points at that time.

WITHIN THE GENERAL PUBLIC

When considering the ethics of gene editing, it is important to 
remember that we should expand our attention beyond those 
directly involved in the field. While many governments rely on 
scientific advisors when developing research regulations, the 
perception of the general public is also a strongly influential 
factor. For this reason, several research groups have carried out 
surveys on what level of understanding the general population 
has of gene editing and how people feel about its use. 

“AS GENE EDITING 
BECOMES A MUCH 
MORE WIDELY USED 
TOOL, IT IS LIKELY THAT 
MORE GOVERNMENTAL 
AGENCIES WILL START 
TO TAKE AN INTEREST IN 
PROVIDING RESEARCHERS 
WITH GUIDELINES AND 
REGULATIONS.”
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In the past, those outside genomics have typically been more 
resistant to the idea of genetic engineering than researchers 
working in the industry. Over the last year, however, there has 
been a noticeable increase in support for gene editing, whether 
it be because of increased understanding and communication, or 
because of improvements in the accuracy of our tools. 

For example, a study published in Science in August 2017 found 
that roughly two thirds of the respondents, of which there were 
1,600 individuals in total, believed that gene editing as a form of 
medical therapy was acceptable. The team asked their respondents 
about their opinion of gene editing in somatic and germline cells, 
both as a form of medical treatment and as a way of enhancing the 
human condition. Surprisingly, they found that when considering 
medical treatments, slightly more respondents were in favour of 
germline engineering than somatic engineering (65% and 64% 
respectively). In contrast, using gene editing as a way of enhancing 
human abilities was largely unaccepted, with only 39% supporting 
somatic enhancement and 26% supporting germline enhancement. 

As with the previously discussed study, the opinions of the respondents 
were shown to vary by religious sentiment, with increased religiosity 
indicating a lower acceptance of gene editing. Importantly, the 
survey also indicated that individuals with a stronger understanding 
of genomics were typically more accepting. This could imply that by 
improving public engagement with genomics, it may encourage more 
people to support the possible applications of gene editing. 

This increased interest and acceptance of gene editing is not limited 
to the US. In March 2018, the Royal Society in the UK published their 
report of a survey that asked more than 2,000 citizens about their 
attitude towards genetic engineering. The team found that a majority 
of the respondents were in favour of correcting genetic diseases in 
embryos, even though they were informed that the edits would be 
passed on to future generations. The exact level of support varied 
depending on the condition being considered, with life-threatening 
diseases such as leukaemia and muscular dystrophy seeing the most 
positivity at 82% and 83% respectively. Some non-life-threatening 
conditions also saw high levels of support, such as arthritis with 73% 
in favour of gene correction in germline cells. 

Both of these studies suffer from similar drawbacks, such as 
small sample size and a limited ability to judge the participant’s 
understanding of the subject matter and the questions. 

Nonetheless, they indicate that as our ability to perform more 
targeted, accurate gene editing increases, so too does the public’s 
acceptance of the practice. Without this type of support, the ability 
of gene editing to improve healthcare would be severely limited, 
so it is very important that researchers continue to engage with 
the public and consider their position. 

SUMMARY
Gene editing is a practice that needs to be considered carefully 
before it is used. As this guide has demonstrated, tools that can 
enable targeted changes to a cell’s DNA have tremendous potential 
to improve healthcare and help us to better understand the base 
code of biology. At the same time, there is a risk that these tools 
could be used irresponsibly, or before we have sufficient knowledge 
to comprehend the full effects of what we are doing. 

Trying to balance these advantages and risks is a topic that has 
seen much debate over the last few years, without any clear 
consensus having been reached. 

No matter what the prevailing opinion of the ethical nature of gene 
editing is, however, the lack of international legal precedent means 
that researchers could avoid any bans put in place. In 2015, Tetsuya 
Ishii theorised that the first CRISPR-edited human would not be born 
in a country like the UK or Sweden, where embryonic engineering 
work is currently being carried out. Instead, he believed that these 
babies would be born in countries such as Japan or India, where the 
laws restraining this type of research are weak or poorly enforced. 

The first consideration to be made before undertaking any experiment 
that involves gene editing is whether or not it is restricted within the 
country you hope to work in; above all else, it is imperative that research 
adheres to the law. Beyond that, it can also be worthwhile to try to 
understand the way in which your work may be viewed by those outside 
of the research group, so that you can understand what opposition you 
may face. However, just because something may be seen as controversial, 
it does not necessarily mean that it should not be pursued.

Karl Pearson once wrote, “The goal of science is clear – it is nothing 
short of the complete interpretation of the universe.” If you believe 
that the advantages of your work outweigh its potential risks, then 
you should proceed as appropriate. n
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