
Int roduct ion

Gene editing has recently emerged as a revolutionary scientific tool which may be utilized for therapeutic applications such as 

curing disease, as well as for the creation of animal models for disease research and therapeutics development, agricultural 

development, genome wide screening, and basic research. In the past two decades, great advances have been made in genome 

editing technologies through the use of systems, comprised of nucleases combined with target sequence specific DNA binding 

domains, allowing for direct manipulation of virtually any gene. Nucleases are enzymes that cut DNA at very specific locations, 

allowing for a high level of control in the therapeutic field. Prior to the discovery of site-specific nucleases, DNA manipulation 

mainly consisted of symptom-alleviation through random/uncontrolled genome elements. With newer sequencing technology 

such as Next Generation Sequencing, scientists and physicians can not only target specific genes which play a role in disease but 

target them using these nuclease-based systems.

This technology holds great implications for the medical community, as gene editing (through nucleases) may be harnessed to 

discover cures for diseases, target genes that might be harmful to the organism, and ultimately ameliorate the potential for 

genetic disorders. Current nuclease mechanisms include meganucleases, zinc-finger nucleases (ZFN), transcription activator-like 

effector-based nucleases (TALENs), and the CRISPR-Cas system. In the proceeding pages, we will discuss the history, mechanism, 

benefits, and possible limitations to each nuclease system, as well as the underlying implications for this new and growing 

treatment. Moreover, we will discuss the key companies involved in the gene editing space, and challenges faced by the 

CRISPR/Cas9 system, including ethical and regulatory concerns, focusing primarily on therapeutic and drug development 

applications of the technology.

Gene therapy is an umbrella term which describes the manipulation of the genome to treat and prevent disease. Since DNA 

dictates the major biological processes in organisms, controlling the products of DNA activity can likely lead to cures for disease. 

Gene therapy strategies includes the use of viral vectors such as retrovirus, adenovirus, adeno-associated virus (AAV), or the use 

of non-viral methods such as direct injection, receptor-mediated gene transfer, synthetic oligonucleotides, liposomes, etc. to 

deliver or modify genes either in vivo or ex vivo[4]. However, these methods suffer from drawbacks such as transient gene 

expression, transplant-related toxicities, and leukemia induced by the integration of viral vectors into the host genome. These 

drawbacks are primarily due to the unpredictable nature of the human genome. Genes do not operate in isolation; instead, they 

often exist within a complicated web of molecular interactions, influencing each other?s? activity during various environmental 

stressors. Thus, the discovery of specific gene editing tools avoids much of this problem. It is much more efficient and specific 

than traditional tools, allowing for the editing of single nucleotides, and also allows for permanent cures rather than temporary 

palliative treatments. Gene editing thus represents the future of gene therapy, and, with the advent of the CRISPR/ Cas9 

technology, has recently come into focus as an exciting area of research with great market potential.

As mentioned before, targeted nucleases bind and cleave DNA/RNA at very specific locations, dependent on the target sequence. 

This is done through homologous recombination, where the fractured DNA pieces rejoin to form new strands of DNA. This 

recombination produces the DNA necessary to cure disease (as opposed to causing it). Unfortunately, homologous 

recombination is inefficient, however the discovery that double-stranded breaks (DSBs) increased the frequency of HR by orders 

of magnitude brought forth targeted nucleases as the preferred method for genetic alteration[6]. Double-stranded breaks are 

complete fractures of DNA, as opposed to breaking only one of the two helix backbones. 
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The most well-studied family of meganucleases, also called homing endonucleases, are the LAGLIDADG proteins. They are found 

in all kingdoms, and their natural function has yet to be elucidated, although they are classified as ?selfish genetic elements? that 

function as RNA maturases, which facilitate the splitting of their own intron and/or function as highly specific endonucleases 

capable of recognizing and cleaving the exon-exon junction sequence where their intron is located[8]. These proteins recognize 

DNA sequences of 14 ? 40 bp which it is able to then cleave; thus, they possess an extremely high degree of specificity. 

Meganucleases may be engineered to recognize specific sequences by making changes in their amino acid sequence, or by 

fusing protein domains from different enzymes. Fusing meganucleases with zinc fingers (ZFs) or Transcription ActivatorLike 

Effector (TALEs) (described below) allows for the creation of novel enzymes with the binding affinity of ZFs and TALEs combined 

with the cleavage specificity of meganucleases[9]. Companies utilizing meganucleases for gene editing include Cellectis, 

Pregenen, and Precision Biosciences.

ZFNs were first published in a 1991 paper by Pavletich and Pabo in Science[10]. The Cys2-His2 zinc finger domain is one of the 

most common types of DNA-binding motifs found in eukaryotes. Engineered ZFNs work by utilizing multiple DNA-binding 

domains which contain amino acids able to recognize three base pairs per zinc-finger. The ZFNs utilize protein-DNA interactions 

to carry out their effects, which are to control gene expression. The development of artificial zinc-finger proteins containing more 

than three naturally occurring zinc-finger domains allowed for recognition of 9 - 18 base pairs. This allowed for specificity within 

68 billion base pairs of DNA ? enough to target genes in the human genome for the first time[6]. The DNA-binding modules may 

be combined with an effector domain such as a nuclease to alter gene structure and function. For over ten years, ZFNs were the 

primary tool used for gene editing. However, limitations such as the inability to target certain nucleotide triplets and issues with 

specificity have hindered its use. Furthermore, engineered ZFs must be constructed in large oligo- ?This allowed for specificity 

within 68 billion base pairs of DNA- enough to target genes in the genome for the first time.? A Primer of Gene Editing 4 

nucleotide pool arrays which are expensive, labor intensive, and are not guaranteed to be specific to the intended sequence[11]. 

To date, ZFNs have been used to correct disease-causing mutations associated with X-linked severe combined immune 

deficiency, hemophilia, sickle-cell disease, and ?1- antitrypsin deficiency, as well as disease-associated mutations within the SNCA 

gene in patient-derived human iPS cells[6]. Sangamo Biosciences, in conjunction with Sigma-Aldrich, have developed a 

proprietary platform (CompoZr) for zinc-finger construction, with thousands of proteins readily available for use to create ZFNs 

[6]. Sangamo has also developed ZFNs for therapeutic applications which are currently in clinical trials.
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Current gene-editing mechanisms use these double-stranded breaks, including 

meganucleases, ZFNs, TALENs, or CRISPR/Cas9). These nucleases create DSBs at 

specific and targeted locations within the genome. Figure 1 shows how this is 

done for each nuclease. The DSBs are repaired through either non-homologous 

end-joining (NHEJ) or homology directed repair (HDR), resulting in specific desired 

mutations. NHEJ repairs the DSB by directly joining the two DSB ends without 

requiring a guide template.

However, there is potential for unfavorable gene products through NHEJ and 

HDR, with the formation of insertions or deletions, which cause frameshift 

mutations resulting in nonfunctional proteins. Yet, this might be beneficial, 

depending on the type of therapy: if a disease progresses through the production 

of a mutant protein, then NHEJ may be utilized to suppress gene function entirely.

HDR works through a slightly different mechanism, by utilizing exogenous DNA 

templates with sequence homology (same DNA sequence) to the break site to 

synthesize DNA with the incorporated changes found in the template DNA. This 

allows for the replacement of genes which may allow for restoration of gene 

function while preserving physiological regulation of gene expression[7]. Figure 1



The CRISPR/Cas9 system is a unity between specific repeats on target DNA and an endonuclease, known as a Cas protein. The 

ability of the CRISPR/Cas9 to cut specific DNA sequences was first shown in 2012, and its simplicity and ease-of-use compared to 

older gene editing technologies quickly generated great excitement in the scientific and medical world[15]. In comparison to the 

ZFN and TALEN technologies, CRISPR/Cas9 requires less tedious protein engineering and optimization to create the DNA 

recognition proteins for each target DNA sequence. Thus, the CRIPSR system is applicable to virtually any gene in the genome, 

and opens the doors for any and all types of genetic manipulation, whether that is the insertion of new genes to create a new 

biological effect, or silencing other genes to prevent disease. Ultimately, CRISPR allows for more products to be brought to 

market due to its large breadth.

Unlike the ZFN and TALEN systems which utilize protein binding domains, the CRISPR/Cas9 system utilizes a simpler RNA-guided 

mechanism for introducing precise mutations at a specific target[16]. The origin of the CRISPR system comes from bacteria and 

archaea, which have evolved a natural CRISPR/ Cas system which recognizes and eliminates foreign DNA by RNA-DNA base 

pairing and subsequent cleavage of foreign DNA by the Cas proteins. The main purpose of the CRISPR system in prokaryotes was 

to kill foreign invading cells; scientists have now harnessed that system and used to in eukaryotic cells, successfully.

Gene expression drives all biological functions, and gene expression can be controlled through small molecules. These 

molecules, whether they be RNA, ZFNs, TALENs, or the CRISPR system, can enhance or suppress genes to produce a desired 

effect. For example, the CRISPR/Cas9-based system (CRISPRi) has been developed to silence endogenous and/or reporter genes 

in mammalian cells. This system is created by fusing dCas9 (a nuclease-deactivated form of Cas9) to a transcription repressor 

domain. dCas9 is able to bind to the coding sequence of a gene or its promoter region and, through complimentary binding by 

an sgRNA, is able to block the elongating activity of the RNA polymerase or interferes with the binding of the RNA polymerase to 

the promoter sequence which subsequently represses transcription [16].

RNA interference (RNAi) has been the conventional method for repression of gene expression; however, its off-target effects 

have hampered its use. CRISPRi exhibits minimal off-target activity when utilizing well-designed sgRNAs, and is highly sensitive to 

mismatches between the target DNA and the sgRNA ? even a single mismatch near the 3? end has been shown to significantly 

decrease the efficiency of CRISPRi[19]. However, recent studies have shown that this may not necessarily be accurate, especially 

in situations with a high level of Cas9 and sgRNAs[7].
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There are three different types of CRISPR systems. Type I systems have a 

unique Cas3 protein which possesses both helicase and DNAse domains. 

Type III CRISPR/ Cas systems possess a unique Cas10 protein which has 

an unknown function, but is known to be able to target both DNA and/or 

RNA [17]. The Type II system is the simplest among the three; its 

endonuclease activities are found in a single multidomain protein, Cas9, 

which is guided by a site-specific dual Figure 2: Common DNA Targeting 

Nuclease-Based Platforms for Genome Editing ?The ability of the 

CRISPR/Cas9 to cut specific DNA sequences...quickly generated 

excitement in the scientific and medical world.? A Primer on Gene Editing 

Zinc Finger Protein Meganuclease TALE CRISPR/Cas9 RNA molecule, 

which can be easily modified (as will be discussed below). This simplicity 

and ease-of-programming makes Type II systems a very valuable tool for 

genomic engineering.

Figure 2



Epigenetic modification is the modification of aspects of the genome other than the DNA itself. DNA exists in a bound form to 

proteins known as histones, and gene expression is controlled through modification of these histones to expose or cover the 

DNA. If the DNA is tightly wound around these histones, then RNA polymerases and other proteins can?t access it, and thus start 

gene expression. Thus, epigenetic modification includes adding methyl, sulfhydryl, and other functional groups to histones to 

control gene expression. 

Another way is through the Cas9 protein, where Cas9 is fused to the histone-modifying protein (p300) to activate gene 

expression. In another example, to repress gene expression, four copies of the mSin3 domain were fused to the dCas9 scaffold 

and showed repression efficacy in HEK293T cells[21]. Another method of gene repression via epigenetic modification using the 

CRISPR/Cas9 system is the use of histone demethylase LSD1 fused to a dCas9 ortholog (dNmCas9) which was able to remove 

activating H3K4 methylation marks, leading to gene repression. Despite these available methods, epigenetic modifications using 

demethylase or methyltransferase effectors fused to Cas9 have not yet been developed[11].

Car ibou Biosciences

Caribou was founded out of UC Berkeley by one of the cofounders of Editas, Jennifer Doudna. Doudna broke off from Editas 

when the key CRISPR patent was given to another Editas founder, Feng Zhang. Doudna has filed 13 separate patent application 

for the CRISPR technology, forwhich 12 have been granted. Caribou and Intellia are currently in a dispute of the licensing rights 

to use CRISPR technology for human therapies, the result of which will impact Caribou?s ability to license out new technologies. 

Caribou is working on applying their technology for therapeutics, agriculture, research, and industrial biotechnology. Dr. 

Rodolphe Barrangou at NC State University is collaborating with Caribou to understand the DNA sequence targeting mechanism 

of the CRISPR/Cas9 system. Caribou is backed by an $11M series A funding round from Atlas Venture and $30M in a series B 

round of funding.

Int ell ia

Intellia was founded and funded by Novartis and Atlas Venture in 2014, and begun exclusively licensing CRISPR technology from 

Caribou. They are working on improving the sgRNA used in their CRISPR/Cas9 system which targets the desired DNA sequence. 

Caribou out licensed their CRISPR technology to Intellia in return for exclusive license rights for all human therapeutic 

applications, while Novartis has retained exclusive rights to use Intellia?s CRISPR platform for development of CAR-T cell 

therapies, as well as non-exclusive rights for limited in vivo therapeutic applications of CRISPR and a 5-year collaboration with 

Intellia for which they will provide an initial payment, technology access fees, and funding. Intellia has also licensed a novel lipid 

droplet drug delivery system to from Novartis to encapsulate the CRISPR technology. Intellia recently raised $112.1 M in an IPO in 

May of 2016. Intellia is currently involved in arbitration hearings Caribou over their exclusive rights to license all human 

therapeutic applications.

CRISPR Therapeut ics

CRISPR Therapeutics was founded in April of 2014 by Emmanuelle Charpentier, another one of the coinventors of the 

CRISPR/Cas9 technology and who is also a part of Doudna?s CRISPR patent. CRISPR Therapeutics is focusing on developing 

therapeutics for diseases that currently are untreatable with conventional medicine. They have formed partnerships with 

Celgene, Vertex Pharmaceuticals, New Enterprise Associates, Abingworth, and Versant Ventures. The partnership with Vertex 

focused on creating a treatment for cystic fibrosis and sickle cell disease. In December of 2015, Bayer acquired a majority stake in 

CRISPR Therapeutics and also agreed to provide a minimum of $300M over the next five years for R&D efforts, developing the 

CRISPR/Cas9 technology to treat conditions such as blood disorders, blindness, and heart disease. In 2016 CRISPR Therapeutics 

went public and as of writing this article they are currently valued at $3.8 billion.
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Cellect is

Cellectis is a well-established French company founded in 1999 and is involved in both gene editing and cancer immunotherapy. 

In 2004, Cellectis partnered with BASF Plant Science to develop meganucleases for agricultural and nutritional applications. 

Cellectis partnered with Pregenen in 2011 to develop meganucleases. The company has worldwide rights to a patent family 

entitled ?Engineering Plant Genomes Using CRISPR/Cas Systems? and an exclusive license for the commercial application of 

TALEN technology from the University of Minnesota. They have five universal chimeric antigen receptor T-cell (UCART) products 

targeting specific cancers in various stages of clinical development. In November of 2015, Cellectis successfully treated a baby 

with acute lymphoblastic leukemia using its UCARTs. Cellectis offered an IPO in March of 2015, raising $228M. In 2017 the FDA 

stopped Cellectis?s phase 1 trial while it investigated the death of a patients being treated with UCART22. After Cellectis made 

major amendments to their protocol, the FDA removed their hold.

Precision Biosciences

Precision has a ARCUS genome editing platform technology utilizing meganucleases which they plan on using for oncology, 

genetic diseases, and agriculture. Precision is developing meganucleases for engineering CAR-T cells. They possess a growing 

patent estate of over fifteen genome engineering patents in the US and Australia. They raised $110M in series B funding in June 

of 2018, and they took the company public in 2019. In April of 2019 they announced the dosing of their first patient with their 

ARCUS platform. Precision?s first Off-the-shelf CAR T drug candidate PBCAR0191 for the treatment of white blood cell cancers has 

shown promise in Phase 1/2a so far.

Sangam o Biosciences

Sangamo is a well-established company using a gene editing system based on ZFNs. They have entered multiple Phase 1 trials, 

including Phase I trials for an HIV cure (NCT01252641, NCT00842634, and NCT01044654)[28] which was completed in February of 

2019. The FDA approved their IND for SB-913 in June of 2016, a ZFN designed to treat Hunter syndrome (Mucopolysaccharidosis 

Type II). Sangamo has a partnership with Shire International GmbH to develop therapies for Huntington?s disease, and a 

collaboration with Biogen to develop treatments for hemoglobinopathies, beta-thalassemia and sickle cell disease. They have 

outlicensed applications in high value laboratory research reagents, transgenic animals and commercial production cell lines to 

Sigma-Aldrich Corporation, and in plant agriculture to Dow AgroSciences. Sangamo raised $49M in an April 2000 IPO.

Ver t ex

Vertex Pharmaceuticals is another well-established biopharmaceutical that has several drug currently on the market to treat 

cystic fibrosis and hepatitis C patients and yearly revenues in excess of $3 billion. In 2015 Vertex entered into a research 

collaboration with CRISPR Therapeutics to develop gene-editing therapies. Then in 2016 Vertex entered into an agreement with 

Moderna to develop a new mRNA-based therapy to treat cystic fibrosis. Vertex has continued to be active in this space by 

forming partnerships with small to mid-sized biopharma companies with promising technology. More recently, in 2019 Vertex 

has entered in a collaboration with Arbor Biotechnologies to help develop new gene-editing therapies for cystic fibrosis patients 

and four other diseases.

Locus

Locus Biosciences is a company spun out of North Carolina State University in 2015 that is focused on developing antibacterial 

products using a CRISPR technology in combination with a phage delivery system. In January 2019 Locus entered into a licensing 

agreement with Janssen, a subsidiary of Johnson & Johnson. As part of the agreement Locus will receive $20 million in upfront 

and the potential to receive up to $792 million if milestones are met. In addition to the milestone payments, Locus will earn 

royalties on any products that make it to market. Locus is currently working on showing preclinical efficacy for a treatment 

targeting urinary track infections caused byE. coli. With their crPhage technology, they hope to target the infection bacteria 

without negatively impacting the natural bacteria in the host. This provides a distinct advantage over traditional antibiotics that 

are nonspecific and eliminate both the good bacteria and the harmful bacteria.
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In 2018, the ongoing legal battle over the issue of who owns the rights to the CRISPR system came to an end. Jennifer Doudna at 

UC Berkeley was in dispute with Feng Zhang at the Broad Institute and MIT over who owns the rights to fundamental aspects of 

the CRISPR technology. Doudna filed a patent (No. 13/842,859) on March 15, 2013, one day before the US Patent and Trademark 

Office (PTO) enacted the first-to-file rules. Her patent application laid out 155 broad claims to the CRISPR technology, and was 

given a priority date of May 25, 2012. On October 15, 2013, Zhang filed a patent for CRISPR (No. 14/054,414) ? months after the 

first-to-file rules had come into effect, but he claimed a priority date of Dec. 12, 2012 which is under the old first-to-invent rules. 

Zhang also filed an Accelerated Examination Request which was accepted by the PTO, resulting in the issue to Zhang of his first 

CRISPR patent in April 15, 2014. Doudna?s attorneys amended her patent application multiple times, but an unknown third party 

submitted reports of prior art in order to stop her application from being accepted. On April 13, 2015, Doudna?s attorneys sent in 

another amended application which cancelled all previous claims and replaced them with 82 new claims, as well as a Suggestion 

of Interference which claimed that 10 of Zhang?s issued patents were interfering with their patent application. On Dec. 21, 2015, 

the examiner corps recommended to the Patent Trial and Appeal Board (PTAB) that it initiate an interference proceeding, and 

changed the status of Doudna?s patent application as such. This is significant because it, at the least, discourages a settlement 

between the parties. The interference proceeding began with an interlocutory phase on March 9, 2016, where Doudna and 

Zhang presented briefs and the PTAB considered motions regarding why each party is entitled to certain priority dates. The onus 

lies on Zhang, as the junior party, to present evidence showing that he was the first-to-invent. After the interlocutory phase of the 

interference proceeding, the panel may decide who will win the patent, or, move the proceeding to the testimonial phase if there 

is conflicting evidence, after which the patent awardee will be decided. Currently, Doudna?s attorneys are claiming that Zhang 

?never had or made use of? tracrRNA, a crucial component of the CRISPR/Cas9 system[29]. Zhang?s attorneys deny these claims. 

In February 2017 the US Patent office ruled that the Broad?s patents were sufficiently different from the patent that UC filed. This 

ruling meant that no interference had occurred by the Broad Institute. Dissatisfied with this outcome, UC took Broad to court 

and in September of 2018, the US Court of Appeals upheld the patent office?s decision to award Broad the patent. After all the 

dust settled, in June of 2019 the US Patent office decided to reopen the CRISPR patent dispute between UC and Broad. 

Researchers at UC have laid out claims that researchers at the Broad Institute have misrepresented claims made in their patent. 

The battle for the rights to the CRISPR technology is far from over as Broad gears up to fight the new decision handed down by 

the US Patent office.

Kineticos is a strategy consulting firm serving the life sciences industry focused on helping our clients improve patient outcomes. The firm is 
focused on identifying opportunities to drive strategic growth for our clients. Through its practice areas ? Biopharmaceutical and Precision 

Medicine ? Kineticos has experience working with companies across the life science ecosystem.

The Kineticos Research Institute brings together leaders from the life sciences community to discuss the most complex challenges facing our 
industry. See what else we are discussing at the Kineticos Research Institute by clicking here.

Click here to subscribe to our insights and the Kineticos Research Institute.
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