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The CRISPR-Cas genome editing tools have been adopted rapidly in the research community, and they
are quickly finding applications in the commercial sector as well. Lest we lose track of the broader
context, this Perspective presents a brief review of the history of the genome editing platforms and
considers a few current technological issues. It then takes a very limited view into the future of this
technology and highlights some of the societal issues that require examination and discussion.

INTRODUCTION

This is a marvelous time for genetics, due largely to
advances in genetic analysis and genetic manipulation.
The impact of innovations in high-throughput DNA se-
quencing and in genome editing have been felt broadly,
from work on model organisms, to evolutionary studies,
to improvement of food organisms, to medical applica-
tions.

Classically, genetic studies relied on the discov-
ery and analysis of spontaneous mutations. This de-
pendence was true of Mendel, Morgan, Avery, et al. In
the mid-twentieth century, Muller [1] and Auerbach [2]
demonstrated that the rate of mutagenesis could be en-
hanced with radiation or chemical treatment. Later meth-
ods relied on transposon insertions that could be induced
in some organisms; but these procedures, like radiation
and chemical mutagenesis, produced changes at random
sites in the genome. The first targeted genomic chang-
es were produced in yeast and in mice in the 1970s and
1980s [3-6]. This gene targeting depended on the process
of homologous recombination, which was remarkably

precise but very inefficient, particularly in mouse cells.
Recovery of the desired products required powerful se-
lection [7] and thorough characterization. Because of the
low frequency and the absence of culturable embryonic
stem cells in mammals other than mice, gene targeting
was not readily adaptable to other species.

The current genome editing technologies resolved
this issue, making directed genetic manipulations possi-
ble in essentially all types of cells and organisms [8,9].
In addition, these methods confirmed Nobel laurecate
Sydney Brenner’s notion that, “Progress in science de-
pends on new techniques, new discoveries and new ideas,
probably in that order.” (http://www.azquotes.com/au-
thor/24376-Sydney Brenner) In this short article, I want
to review where the genome editing platforms came from
and speculate about where we are headed through their
use. [ will leave description of the technologies them-
selves to other contributors.

GENOME EDITING PLATFORMS
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The secret to high-efficiency genome editing is the
ability to make a targeted DNA double-strand break
(DSBt) in the chromosomal sequence of interest. Real-
ization that such a break would stimulate gene targeting
and local mutagenesis did not arise de novo, but came
from research on DNA damage and repair. Recombi-
nation between homologous sequences is stimulated in
meiosis by intentional DSBs [10], and DSBs generated
by ionizing radiation lead to sister chromatid crossovers
[11]. Model experiments with highly specific nucleases
showed stimulation of homologous repair in yeast and
mammalian cells and pointed the way for programmable
genome editing [12-15]. Broken ends are also rejoined
by a process called nonhomologous end joining (NHEJ)
[16]. The ends are often joined precisely, restoring the
original sequence; but occasionally errors are made, lead-
ing to local small insertions and deletions (indels). When
these mutations occur in a gene, they will frequently in-
activate it.

We are currently endowed with three powerful class-
es of nucleases that can be programmed to make DSBs
at essentially any desired target: zinc-finger nucleases
(ZFNs), transcription activator-like effector nucleases
(TALENs) and CRISPR-Cas [8]. Although the latter plat-
form now dominates in research laboratories around the
world, the other two are still in use for research and in
various agricultural and medical arenas. All of these plat-
forms arose from investigations into natural biological
processes and not from intentions to find genome editing
reagents.

ZFNs are hybrids between a DNA cleavage domain
from a bacterial protein and sets of zinc fingers that were
originally identified in sequence-specific eukaryotic tran-
scription factors. TALENs employ the same bacterial
cleavage domain, but link it to DNA recognition modules
from transcription factors produced by plant pathogen-
ic bacteria. CRISPR-Cas is a prokaryotic system of ac-
quired immunity to invading DNA or RNA.

Let us take a closer look at components of each of the
platforms. ZFNs: The first eukaryotic sequence-specific
transcription factor to be characterized was found to have
zinc-binding repeats in its DNA-binding domain [17].
Related sequences from other transcription factors were
shown to be peptide modules that made stereotyped con-
tacts with base pair triplets [18]. Changing a few residues
in a single zinc finger altered its DN A-recognition speci-
ficity, and fingers could be devised to recognize many dif-
ferent DNA triplets [19]. TALENs: Some plant pathogen-
ic bacteria secrete into host cells proteins that bind to and
regulate the activity of host genes to promote the infec-
tion. There is a simple and robust one-to-one code of rec-
ognition between modules in the protein and base pairs in
the DNA target [20,21]. ZFNs and TALENs: Some bac-
terial restriction enzymes cut DNA a few base pairs away
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from their recognition sites. This is because they have
physically separable binding and cleavage domains [22].
The cleavage domain has no inherent sequence specific-
ity, and it can be linked to novel DNA-binding domains,
which alters where it cuts [23,24]. One such domain was
linked to zinc finger arrays and TALE arrays to generete
ZFNs and TALENS.

CRISPR-Cas: This story begins with the discovery
of a cluster of odd, short repeats in a bacterial genome
[25]. Between those clustered regularly interspaced short
palindromic repeats (CRISPR) are short sequences that
were eventually shown to match viral genomes [26-28].
Some CRISPR-associated (Cas) proteins encoded adja-
cent to the repeat clusters mediate capture of these viral
sequences, while others mediate cleavage and inactiva-
tion of invading viral genomes, guided by short RNAs
(crRNAs) transcribed from the CRISPR arrays [29,30].
The final piece of the puzzle was the identification of the
small trans-acting RNA (tracrRNA) that participates in
both processing of the crRNAs and cleavage of the invad-
ing DNA in Streptococcus pyogenes [31]. Putting togeth-
er the crRNA with tracrRNA and the one protein needed
for cleavage in this system (Cas9) led to the editing re-
agent that is now most widely used [32].

In summary, powerful tools come from unexpected
sources.

GENOME EDITING ISSUES

Remarkably, all that the genome editing nucleases
do is to make a break in chromosomal DNA. The key, of
course, is that the break is targeted and thus very specif-
ic. Everything that happens after the break, however, de-
pends on cellular DNA repair machinery. The two broad
pathways of DSB repair are homology-dependent repair
(HDR) in which a donor sequence matching the target is
copied, and NHEJ in which putting ends back together
can lead to mutations at the break site [8,9]. Most somatic
cells in higher eukaryotes generate mutations via NHEJ
more frequently than they copy sequences from a us-
er-supplied donor. This bias is acceptable if all you want
to do is to knock out a protein coding sequence, but not
so good if you want to introduce sequences of your own
choice. Limited success has been achieved in modulat-
ing the ratio between homologous and non-homologous
products [33,34], but no general solution is yet at hand,
and the ratio in some cell types is very biased toward
NHEJ. Several recent reports suggest that small-mole-
cule inhibitors of key NHEJ activities may be effective
[35-37], but more research is needed to produce simple
and reliable reagents. Another way to influence the effi-
ciency of homology-dependent events is through design
of the donor DNA [38], linkage of the donor sequence to
the guide RNA [39], and consideration of specific mecha-
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nisms to mediate sequence insertions [40,41].

All of the nuclease platforms can be very effective,
but none of them has perfect specificity. Recent modi-
fications of both Cas9 protein and guide RNA have en-
hanced their discrimination against secondary targets
[42]. How much one cares about off-target cleavage and
mutagenesis depends on the application. In many mod-
el organisms, there are ways to validate the effects of an
introduced sequence change, including making indepen-
dent mutations in the same gene, crossing into a clean
background, and complementing with a wild type gene.
In cases of organisms that can be rapidly expanded, like
crop plants, founder genomes can be fully sequenced, and
founder phenotypes can be analyzed thoroughly. Even in
some medical applications, off-target mutations may be
tolerable, as long as they do not lead to a novel clinical
condition.

LOOKING AHEAD

Research advances. 1t is safe to say that genome edit-
ing will continue to be a widely-used tool in research and
in commercial and medical applications. One question
that arises is whether CRISPR-Cas is the last word in pro-
grammable nucleases, or perhaps there is something even
better on the horizon. With limited vision into the future,
it is difficult to imagine a protein-based system that is fun-
damentally simpler than recognition by base pairing and
cleavage by a single protein. Perhaps the protein could be
smaller and be endowed with additional beneficial prop-
erties, but that constitutes variations on the same theme
rather than something completely novel. Maybe a fully
chemically-based reagent could be developed, based on
small synthetic compounds that combine DNA recogni-
tion with DNA cleavage. Research toward this end has
been going on for decades — from triplex-forming oligo-
nucleotides [43], to peptide nucleic acids [44], to poly-
imines [45] — without producing a platform with adequate
cleavage efficiency and recognition range. It seems likely
that if novel methods emerge, they will come, like the
current ones, from research into natural processes, not
from an intent to improve on CRISPR.

A variation on the theme of DSB-induced genome
editing is the introduction recently of CRISPR-mediated
base editing [46-49]. This platform makes use of Cas9
nickase, that cuts only one strand of the target DNA,
linked to a base-modifying activity. Conversion of C to
U within a few base pairs of the RNA-guided binding site
leads to specific coding changes in that very narrow area.
Future uses of this approach include fusions to alternative
activities and modeling and correction of human disease
alleles.

Medical applications. A few somatic therapies that
involve genome editing have been approved for Phase
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I clinical trials. The earliest trials used ZFNs to knock
out the CCRS co-receptor gene in T cells of HIV-posi-
tive patients [50], thereby making the T cells resistant to
the virus. The results were encouraging, and an extension
to earlier hematopoietic precursors is planned. TALENs
have been used to enhance the efficacy of therapeutic
CAR T cells [51], and at least two trials using CRIS-
PR-Cas9 for this purpose have been approved [52,53].
These examples rely on editing of cells in the laborato-
ry — in some cases cells derived from the person being
treated — and transfer to the patient. Such ex vivo treat-
ments allow facile delivery of the editing reagents and
preliminary characterization of the edited cells. As stem
cell therapies are developed, genome editing is a natu-
ral adjunct. Particularly when stem cells are derived in
culture from somatic cells of an affected individual, cor-
rection of an offending mutation would fall to one of the
editing platforms.

In many cases, cell-based therapy is not possible.
Clinical trials for treatment of hemophilia and two lyso-
somal storage diseases, based on in vivo delivery of ZFNs
with viral vectors, are under way (see clinicaltrials.gov,
and search “Sangamo”). These rely on gene editing in the
liver, a comparatively accessible organ. Delivery to other
in vivo sites will require novel vector and non-vector ap-
proaches, and possibly the development of well-behaved
stem cells for particular tissues. Very active research is
directed toward treatments for other genetic diseases, in-
cluding sickle cell disease and muscular dystrophy. In all
cases, whether based on ex vivo or in vivo treatment, both
safety and efficacy must be demonstrated.

Germline editing. Stimulated by recognition of the
ease of CRISPR-based editing and the possibility of mis-
use of the technology, there is considerable current in-
terest in prospects for human germline genome editing.
Such applications would involve delivery of the editing
reagents to embryos created by in vitro fertilization. In
the future, it may be feasible to engineer gametogenic
precursor cells in prospective parents instead. The advan-
tage to germline correction of disease alleles is that they
will forever be gone from the lineage of the treated indi-
vidual. The risk at present is that the attempt to correct
may do more harm than good. Current genome editing
technology does not have sufficient efficiency and speci-
ficity to be reliably safe. Mutations generated at non-tar-
get sites in the genome will also affect the treated person
and be transmitted through subsequent generations, and
their effects will not always be benign or predictable, nor
will they be readily reversible.

Continuing research will make germline editing saf-
er and more effective, and it seems inevitable that it will
eventually be used. In the meantime, broad discussion of
the ethical issues raised by the prospect should be contin-
ued [54]. A thoughtful summary of the practical aspects
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of both somatic and germline therapies is provided by
Kohn et al. [55].

Gene drives. An application of genome editing
that has begun to attract attention is the use in a genet-
ic process called gene drive. In brief, a genetic element
can spread itself rapidly through a breeding population
by copying itself into genomes that previously lacked it.
Even if this element causes a moderately deleterious phe-
notype, it can expand in frequency. Natural gene drives
have been identified, but current interest is focused on
ones that are mediated by CRISPR-Cas9 [56]. Synthet-
ic gene drives have been developed in mosquitoes that
serve as vectors for tropical diseases, including a system
that produces sterility in females [57] and one that inac-
tivates genes required for parasite growth [58]. In princi-
ple, these approaches could dramatically reduce disease
transmission in areas where disease treatment is challeng-
ing. The enormous burden of mosquito-borne diseases on
human lives and health, particularly in the developing
world, provides strong motivation for containing or elim-
inating the vectors.

The prospect of intentionally, or even unintentional-
ly, releasing organisms carrying gene drives has evoked
appropriate concern [59,60]. It is very difficult to predict
the consequences for a broad ecosystem of depleting or
removing one of its residents. If a particular mosquito
population disappears, what will be the impact on organ-
isms that rely on it, perhaps fish, birds, or plants? Other
species will soon fill a vacant niche, but will they have
the same influence on their surroundings? Will the drive
itself become ineffective by mutation or by adaptation of
the target organisms? Reversible gene drives are being
developed [56], but their efficacy has not been tested.
Unfortunately, small-scale laboratory tests will be poor
predictors of effects in a natural environment, and we will
not know the full impact of gene drives intended for ben-
efit until they have actually been released.

Agriculture. Turning to agriculture, both livestock
and crop plants are current targets for genome editing.
The organisms produced are literally genetically modi-
fied, but they differ from earlier GMOs in important ways
[61]. In most cases, no genetic material from another spe-
cies is introduced, and when it is, it is inserted in a precise
genomic location. The changes that are introduced are
very often ones that could have occurred naturally, and
whole genome sequencing can be done on edited organ-
isms to look for off-target mutations. Because both seeds
and semen can be dispersed rapidly into succeeding gen-
erations, validated genomes will quickly generate large
populations of modified plants or animals.

Among current examples of edited crops are disease
resistance in wheat [62], potatoes that don’t sweeten on
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storage [63], and soy plants that produce healthier oil
[64]. The prospects for developing other healthier crops
are bright. To address economic and animal welfare is-
sues, dairy cows have been generated that lack horns, due
to a genetic modification [65]. Cows [66], sheep [66,67],
pigs [68], and other food animals that carry more mus-
cle mass (i.e., meat) have also been produced by disrup-
tion of a single gene. Genome editing has the advantage
over breeding selection that a trait can be introduced in a
single generation without disrupting a favorable genetic
background. The same beneficial modification can be in-
troduced into different breeds or cultivars that are adapted
to different environments, without leading to monocul-
ture. A key question is whether the precise and largely
natural genome modifications made by editing will find
greater public acceptance than earlier GMOs. As the cur-
rent resistance is based more on distaste for commercial
greed and dominance than on evidence of adverse effects,
there is a substantial hurdle to cross.

Beyond food modifications, large animal models of
human disease are being produced to facilitate physiolog-
ical analysis, drug testing and other therapies. It seems
likely that genome editing will be applied to companion
species, generating new breeds of dogs and cats and cor-
recting genetic susceptibilities in current breeds. Addi-
tional work will be needed to uncover the genetic causes
for desirable traits, but genetic research in dogs, at least,
is making good headway.

Societal issues. Finally, I want to address societal is-
sues that apply to medical and agricultural applications
of genome editing. Who will decide what products or
treatments are developed, and who will decide who gets
them? I call these issues Attribution and Distribution.

In the medical realm, what therapies will be devel-
oped based on whom we decide needs to be “fixed”? Dev-
astating diseases, like Huntington’s disease and muscular
dystrophy, are obvious candidates. What about hereditary
deafness or short stature? People with these conditions
are often high-functioning, have strong communities, and
do not feel themselves to be in need of “correction” [69].
To take an absurd example, is skin color a condition that
needs altering? This brings us to purely cosmetic chang-
es that some may find desirable — hair color, eye color,
height, athletic ability (assuming we know how to engi-
neer these traits genetically). Should these applications
be pursued?"

Once methods are developed, who will benefit? Hu-
man therapies based on genome editing are currently
complex and expensive. Will only the wealthy be able
to afford them? Could we distribute a genetic therapy for
sickle cell disease to the large populations in Africa and
Asia that are most affected?

"Two very recent papers highlight the interest in human germline editing and the value of research on human embryos [70,71].
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These considerations apply to food organisms as
well. Will nutritional improvements be made in specialty
crops for the developed world, or in staples that predomi-
nate in the developing world? In both plants and animals,
will we engineer resistance to diseases that are endemic
in wealthy, temperate regions or to ones that limit pro-
duction in developing regions? Ultimately, who will pay
for development and distribution of improved crops and
livestock — only the marketplace? Or will generous bene-
factors emerge?

Things are moving fast in genome editing. Many
different applications are being pursued, and the only
limit seems to be our imagination. In the midst of this
excitement, we need to consider what are the best uses of
the technology, what adjustments are needed to make the
technology safe and effective, and how its advances will
be provided to those who would benefit most. Currently,
these decisions are driven by market forces, not humani-
tarian considerations. Are we comfortable with this, or do
we need governmental participation at the national and
international levels to change the situation? Count me as
an advocate for the latter.

Acknowledgments: Many talented people have contrib-
uted to the development of genome editing — too many
to be cited individually. | want to acknowledge that my
understanding of the ethical and societal issues has
been enhanced by interactions with Prof. Alta Charo and
by presentations by Profs. Ruha Benjamin and Catherine
Bliss at the International Summit on Human Gene Editing
in Washington, DC, in December 2015. | thank Prof. Paul
Sigala and an anonymous reviewer for their comments
on earlier versions of the manuscript. Work in my own
laboratory is supported by grant GM078571 from the US
National Institutes of Health.

REFERENCES

1. Muller HJ. Artificial transmutation of the gene. Science.
1927,66:84-7.

2. Auerbach C, Robson JM, Carr JG. Chemical production of
mutations. Science. 1947;105:243-7.

3. Rothstein RJ. One-step gene disruption in yeast. Methods
Enzymol. 1983;101:202-11.

4. Scherer S, Davis RW. Replacement of chromosome seg-
ments with altered DNA sequences constructed in vitro.
Proc Natl Acad Sci USA. 1979;76:4951-5.

5. Smithies O, Gregg RG, Boggs SS, Koralewski MA,
Kucherlapati RS. Insertion of DNA sequences into the
human chromosomal beta-globin locus by homologous
recombination. Nature. 1985;317(6034):230-4.

6. Thomas KR, Folger KR, Capecchi MR. High frequency tar-
geting of genes to specific sites in the mammalian genome.
Cell. 1986;44:419-28.

7. Mansour SL, Thomas KR, Capecchi MR. Disruption of the
proto-oncogene int-2 in mouse embryo-derived stem cells:
a general strategy for targeting mutations to non-selectable

657

genes. Nature. 1988;336:348-52.

8. Carroll D. Genome Engineering with Targetable Nucleases.
Annu Rev Biochem. 2014;83:409-39.

9. Gaj T, Gersbach CA, Barbas CF 3rd. ZFN, TALEN, and
CRISPR/Cas-based methods for genome engineering.
Trends Biotechnol. 2013;31(7):397-405.

10. Youds JL, Boulton SJ. The choice in meiosis - defining the
factors that influence crossover or non-crossover forma-
tion. J Cell Sci. 2011;124(Pt 4):501-13.

11. Latt SA. Sister chromatic exchange formation. Annu Rev
Genet. 1981;15:11-55.

12. Choulika A, Perrin A, Dujon B, Nicolas JF. Induction of
homologous recombination in mammalian chromosomes
by using the I-Scel system of Saccharomyces cerevisiae.
Mol Cell Biol. 1995;15:1968-73.

13. Plessis A, Perrin A, Haber JE, Dujon B. Site-specific re-
combination determined by I-Scel, a mitochondrial group
I intron-encoded endonuclease expressed in the yeast
nucleus. Genetics. 1992;130:451-60.

14. Rouet P, Smih F, Jasin M. Introduction of double-strand
breaks into the genome of mouse cells by expression of a
rare-cutting endonuclease. Mol Cell Biol. 1994;14:8096—
106.

15. Rudin N, Sugarman E, Haber JE. Genetic and physical
analysis of double-strand break repair and recombination
in Saccharomyces cerevisiae. Genetics. 1989;122:519-34.

16. Chapman JR, Taylor MR, Boulton SJ. Playing the end
game: DNA double-strand break repair pathway choice.
Mol Cell. 2012;47(4):497-510.

17. Miller J, McLachlan AD, Klug A. Repetitive zinc-binding
domains in the protein transcription factor IIIA from Xeno-
pus oocytes. EMBO J. 1985;4:1609-14.

18. Pavletich NP, Pabo CO. Zinc finger-DNA recognition:
crystal structure of a Zif268-DNA complex at 2.1 A resolu-
tion. Science. 1991;252:809-17.

19. Pabo CO, Peisach E, Grant RA. Design and selection of
novel Cys2His2 zinc finger proteins. Annu Rev Biochem.
2001;70:313-40.

20. Boch J, Scholze H, Schornack S, Landgraf A, Hahn S, Kay
S et al. Breaking the code of DNA binding specificity of
TAL-Type III effectors. Science. 2009;326:1509—12.

21. Moscou MJ, Bogdanove AJ. A simple cipher governs DNA
recognition by TAL effectors. Science. 2009;326:1501.

22. Li L, Wu LP, Chandrasegaran S. Functional domains in
FoklI restriction endonuclease. Proc Natl Acad Sci USA.
1992;89:4275-9.

23. Kim YG, Cha J, Chandrasegaran S. Hybrid restriction en-
zymes: zinc finger fusions to Fokl cleavage domain. Proc
Natl Acad Sci USA. 1996;93:1156-60.

24. Kim YG, Chandrasegaran S. Chimeric restriction endonu-
clease. Proc Natl Acad Sci USA. 1994;91(3):883-7.

25. Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata
A. Nucleotide sequence of the iap gene, responsible for
alkaline phosphatase isozyme conversion in Escherichia
coli, and identification of the gene product. J Bacteriol.
1987;169(12):5429-33.

26. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. Clustered
regularly interspaced short palindrome repeats (CRISPRs)
have spacers of extrachromosomal origin. Microbiology.
2005;151(Pt 8):2551-61.



658

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Mojica FJ, Diez-Villasenor C, Garcia-Martinez J, Soria

E. Intervening sequences of regularly spaced prokaryotic
repeats derive from foreign genetic elements. J Mol Evol.
2005;60(2):174-82.

Pourcel C, Salvignol G, Vergnaud G. CRISPR elements in
Yersinia pestis acquire new repeats by preferential uptake
of bacteriophage DNA, and provide additional tools for
evolutionary studies. Microbiology. 2005;151(Pt 3):653—
63.

Barrangou R, Fremaux C, Deveau H, Richards M,
Boyaval P, Moineau S et al. CRISPR provides acquired
resistance against viruses in prokaryotes. Science.
2007;315(5819):1709-12.

Barrangou R, Marraffini LA. CRISPR-Cas systems:
prokaryotes upgrade to adaptive immunity. Mol Cell.
2014;54(2):234-44.

Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao
Y, Pirzada ZA et al. CRISPR RNA maturation by trans-en-
coded small RNA and host factor RNase III. Nature.
2011;471(7340):602-7.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,
Charpentier E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science.
2012;337:816-21.

Beumer KJ, Trautman JK, Bozas A, Liu JL, Rutter J, Gall
JG et al. Efficient gene targeting in Drosophila by direct
embryo injection with zinc-finger nucleases. Proc Natl
Acad Sci USA. 2008;105:19821-6.

Bozas A, Beumer KJ, Trautman JK, Carroll D. Genetic
analysis of zinc-finger nuclease-induced gene targeting in
Drosophila. Genetics. Forthcoming 2009.

Chu VT, Weber T, Wefers B, Wurst W, Sander S, Rajewsky
K et al. Increasing the efficiency of homology-directed
repair for CRISPR-Cas9-induced precise gene editing in
mammalian cells. Nat Biotechnol. 2015;33(5):543-8.
Maruyama T, Dougan SK, Truttmann MC, Bilate AM,
Ingram JR, Ploegh HL. Increasing the efficiency of precise
genome editing with CRISPR-Cas9 by inhibition of nonho-
mologous end joining. Nat Biotechnol. 2015;33(5):538-42.
Singh P, Schimenti JC, Bolcun-Filas E. A mouse geneti-
cist’s practical guide to CRISPR applications. Genetics.
2015;199(1):1-15.

Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE.
Enhancing homology-directed genome editing by catalyt-
ically active and inactive CRISPR-Cas9 using asymmetric
donor DNA. Nat Biotechnol. 2016;34(3):339—44.

Lee K, Mackley VA, Rao A, Chong AT, Dewitt MA, Corn
JE et al. Synthetically modified guide RNA and donor
DNA are a versatile platform for CRISPR-Cas9 engineer-
ing. eLife. 2017;6.

Paix A, Folkmann A, Seydoux G. Precision genome editing
using CRISPR-Cas9 and linear repair templates in C.
elegans. Methods. 2017.

Sakuma T, Nakade S, Sakane Y, Suzuki KT, Yamamoto

T. MMEIJ-assisted gene knock-in using TALENs and
CRISPR-Cas9 with the PITCh systems. Nat Protoc.
2016;11(1):118-33.

Tycko J, Myer VE, Hsu PD. Methods for Optimizing
CRISPR-Cas9 Genome Editing Specificity. Mol Cell.
2016;63(3):355-70.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Carroll: Genome editing: past, present, and future

Chin JY, Glazer PM. Repair of DNA lesions associated
with triplex-forming oligonucleotides. Mol Carcinog.
2009;48:389-99.

Kim KH, Nielsen PE, Glazer PM. Site-specific gene mod-
ification by PNAs conjugated to psoralen. Biochemistry.
2006;45:314-23.

Doss RM, Marques MA, Foister S, Chenoweth DM, Der-
van PB. Programmable oligomers for minor groove DNA
recognition. ] Am Chem Soc. 2006;128:9074-9.

Hess GT, Fresard L, Han K, Lee CH, Li A, Cimprich KA
et al. Directed evolution using dCas9-targeted somat-

ic hypermutation in mammalian cells. Nat Methods.
2016;13(12):1036-42.

Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR.
Programmable editing of a target base in genomic

DNA without double-stranded DNA cleavage. Nature.
2016;533(7603):420-4.

Ma'Y, Zhang J, Yin W, Zhang Z, Song Y, Chang X. Tar-
geted AID-mediated mutagenesis (TAM) enables efficient
genomic diversification in mammalian cells. Nat Methods.
2016;13(12):1029-35.

Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M,
Tabata M et al. Targeted nucleotide editing using hybrid
prokaryotic and vertebrate adaptive immune systems.
Science. 2016;353(6305):pii: aaf8729.

Tebas P, Stein D, Tang WW, Frank I, Wang SQ, Lee G et
al. Gene editing of CCRS in autologous CD4 T cells of per-
sons infected with HIV. N Engl J Med. 2014;370(10):901—
10.

Menger L, Sledzinska A, Bergerhoff K, Vargas FA, Smith
J, Poirot L et al. TALEN-Mediated Inactivation of PD-1

in Tumor-Reactive Lymphocytes Promotes Intratumoral
T-cell Persistence and Rejection of Established Tumors.
Cancer Res. 2016;76(8):2087-93.

Cyranoski D. Chinese scientists to pioneer first human
CRISPR trial. Nature. 2016;535:476-7.

Kaiser J. First proposed human test of CRISPR passes
initial safety review. Science. 2016.

Committee on Human Gene Editing S, Medical, and
Ethical Considerations. Human Genome Editing: Science,
Ethics, and Governance. Washington (DC): The National
Academies Press; 2017.

Kohn DB, Porteus MH, Scharenberg AM. Ethical

and regulatory aspects of genome editing. Blood.
2016;127(21):2553-60.

Gantz VM, Bier E. The dawn of active genetics. BioEs-
says. 2016;38(1):50-63.

Hammond A, Galizi R, Kyrou K, Simoni A, Siniscalchi C,
Katsanos D et al. A CRISPR-Cas9 gene drive system tar-
geting female reproduction in the malaria mosquito vector
Anopheles gambiae. Nat Biotechnol. 2016;34(1):78-83.
Gantz VM, Jasinskiene N, Tatarenkova O, Fazekas A, Ma-
cias VM, Bier E et al. Highly efficient Cas9-mediated gene
drive for population modification of the malaria vector
mosquito Anopheles stephensi. Proc Natl Acad Sci USA.
2015;112(49):E6736-43.

Akbari OS, Bellen HJ, Bier E, Bullock SL, Burt A, Church
GM et al. BIOSAFETY. Safeguarding gene drive experi-
ments in the laboratory. Science. 2015;349(6251):927-9.
Esvelt KM, Smidler AL, Catteruccia F, Church GM. Con-



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Carroll: Genome editing: past, present, and future

cerning RNA-guided gene drives for the alteration of wild
populations. eLife. 2014;3.

Carroll D, Van Eenennaam AL, Taylor JF, Seger J, Voytas
DF. Regulate genome-edited products, not genome editing
itself. Nat Biotechnol. 2016;34(5):477-9.

Zhang Y, Bai Y, Wu G, Zou S, Chen Y, Gao C et al. Simul-
taneous modification of three homoeologs of TAEDR1 by
genome editing enhances powdery mildew resistance in
wheat. Plant J. 2017;91(4):714-24.

Clasen BM, Stoddard TJ, Luo S, Demorest ZL, Li J, Ced-
rone F et al. Improving cold storage and processing traits
in potato through targeted gene knockout. Plant Biotechnol
J.2016;14(1):169-76.

Demorest ZL, Coffman A, Baltes NJ, Stoddard TJ, Clasen
BM, Luo S et al. Direct stacking of sequence-specific
nuclease-induced mutations to produce high oleic and low
linolenic soybean oil. BMC Plant Biol. 2016;16(1):225.
Carlson DF, Lancto CA, Zang B, Kim ES, Walton M, Ol-
deschulte D et al. Production of hornless dairy cattle from
genome-edited cell lines. Nat Biotechnol. 2016;34(5):479—
81.

Proudfoot C, Carlson DF, Huddart R, Long CR, Pryor JH,
King TJ et al. Genome edited sheep and cattle. Transgenic
Res. 2015;24(1):147-53.

Crispo M, Mulet AP, Tesson L, Barrera N, Cuadro F,

dos Santos-Neto PC et al. Efficient Generation of Myo-
statin Knock-Out Sheep Using CRISPR/Cas9 Tech-
nology and Microinjection into Zygotes. PLoS One.
2015;10(8):¢0136690.

Wang K, Ouyang H, Xie Z, Yao C, Guo N, Li M et al.
Efficient Generation of Myostatin Mutations in Pigs Using
the CRISPR/Cas9 System. Sci Rep. 2015;5:16623.
Solomon A. Far from the Tree: Parents, Children and the
Search for Identity. New York: Scribner; 2012.

Ma H, Marti-Gutierrez N, Park SW, Wu J, Lee Y, Suzuki K
et al. Correction of a pathogenic gene mutation in human
embryos. Nature. 2017;548:413-9.

Fogarty NME, McCarthy A, Snijders KE, Powell BE, Ku-
bikova N, Blakeley P et al. Genome editing reveals a role
for OCT4 in human embryogenesis. Nature. 2017;550:67-
73.

659



