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In this report, we used tripronuclear
(3PN) zygotes to further investigate CRISPR/Cas9-me-
diated gene editing in human cells. We found that
CRISPR/Cas9 could effectively cleave the endogenous
B-globin gene (HBB)¥ However, the efficiency of ho-
E)logous- recombination directed repair (HDR) of HBB
was low and the edited embryos were mosaic. Off-target

cleavage was also apparent in these 3PN zygotes as
revealed by the T7E1 assay and whole-exome se-
quencing. Furthermore, the endogenous delta-globin
gene (HBD), which is homologous to HBB, competed
with exogenous donor oligos to act as the repair tem-
plate, leading to untoward mutations. M= Aata alea




CRISPR*-Cas9
genome editing
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~20 bases

*<clustered regularly interspaced short palindromic repeats’



[Charpentier, Nature (2013)]

High Efficacy
(>70%)
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generally <100%
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CRISPR*-Cas9
genome editing

Various kinds of potential alterations in gene
due to “repaired” DNA
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McGovern Institute video

https://www.youtube.com/watch?v=2ppl17E4E-O8




CRISPR originally a bacterial “immune response”
against foreign DNA (e.g., viruses, other microbes)
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[Barrangou, Microbe (2009)]




CRISPR-Cas9 Historical Timeline

First report
of CRISPR
clustered repeats
Ishino et al.

First experimental evidence for
CRISPR adaptive immunity

Barrangou et al.

Coined “CRISPR"
name, defined
signature Cas genes

Jansen et al

tracrRNA forms a duplex structure
with crRNA in association with Cas9

Deltcheva et al

Type || CRISPR systems are
modular and can be
heterologously expressed

in other organisms

Sapranauskas et a

Recognition that
CRISPR families
are present
throughout
prokaryotes

Mojica et al.

Type llI-B Cmr | First demonstration of
CRISPR complexes Cas9 genome engineering
cleave RNA in eukaryotic cells
Hale et al. Cong et a
Mali et al.
e
Idgntified foreign CRISPR acts upon In vitro Genome-wide functional
origin of spacers, DNA targets characterization | screening with Cas9

proposed adaptive
immunity function

Mojica et al
Pourcel et al.
Identified PAM

Bolotin et al.

Marraffini et al.

Spacers are
converted into
mature crBNAs
that act as small
guide RNAs

Brouns et al.

of DNA targeting Wang et al.
by Cas9 Shalem et al
Jinek et al.

Crystal structure of apo-Cas9
Jinek et al.

Gasiunas et al

Cas9 is guided by spacer
sequences and cleaves
target DNA via DSBs

Garneau et al

Crystal structure of Cas9 in
complex with guide RNA and
target DNA

Nishimasu et al

[Hsu, Cell (2014)]




CRISPR-Cas9
genome editing
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N NS ) one is correction of
— genetic diseases
-- examples:

= Cystic fibrosis

= Muscular dystrophy
= Huntington’s disease
= Beta thalassemia

= Sickle cell anemia

[Hsu, Cell (2014)]



Overall Context of Gene Therapy

[http://stemcells.nih.gov/info/2001report/pages/chapterll.aspx]



In Vitro Intra-Cytoplasmic Em bryo'BGSEd
Fertilization Sperm Injection
Gene Therapy

Chorionic Villus Sampling
(or Amniocentesis)

Non-Invasive Parental
Genetic Testing

Embryo Transfer

[Araki,
Reprod Biol Endocrinol (2014)]




Application to
Disease Research —
Animal Studies

Example:
neurological
pathologies, in
non-human
primates

(@=1 |} Volume 156, Issue 4, p836-843, 13 February 2014

Generation of Gene-Modified Cynomolgus Monkey via Cas9/RNA-
Mediated Gene Targeting in One-Cell Embryos

Yuyu Niu’, Bin Shen’, Yigiang Cui’, Yongchang Chen’, Jianying Wang, Lei Wang, Yu Kang, Xiaoyang Zhao, Wei Si, Wei Li,
Andy Peng Xiang, Jiankui Zhou, Xuejiang Guo, Ye Bi, Chenyang Si, Bian Hu, Guoying Dong, Hong Wang, Zuomin Zhou, Tianging Li,
Tao Tan, Xiugiong Pu, Fang Wang, Shaohui Ji, Qi Zhou, Xingxu Huang@, Weizhi JiF4 ™, Jiahao Shal4 -



Application to Genetic Disease
Correction: Animal Studies

Cell Stem Cell Cel

Cell Stem Cell 13, 659-662, December 5, 2013

Correction of a Genetic Disease
iIn Mouse via Use of CRISPR-Cas9

Yuxuan Wu,"” Dan Liang,’»%" Yinghua Wang,'-* Meizhu Bai,'* Wei Tang,* Shiming Bao,® Zhigiang Yan,® Dangsheng Li,®
and Jinsong Li"%"

Crygc mutation (dominant inheritance)

Example:
cataracts, in mice

HDR mediated Control
repair



Key Issues

> Ethics |

= germ-line cells vs somatic cells
o alterations enter human heredity

» Safety

* unintended consequences
o off-target effects
O gene co-variation effects
o general lack of predictive capability

> Value

= actual medical benefit?

> Ethics I

= “desirable” traits?
= Informed consent?
= socio-economic equity?



Key Issues

> Ethics |

= germ-line cells vs somatic cells
o alterations enter human heredity



Germ-line vs Somatic Cell Gene Editing

Germ-line = Somatic =
* Egg « All other tissue/blood
e Sperm cell types
o Zygote Gene modification is
 Embryo not inherited by
Gene modification is off-spring

Inherited by off-spring

[http://csls-text2.c.u-tokyo.ac.jp/inactive/05_06.html]



Germ-line vs Somatic Cell Gene Editing
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Embryonic Blastocysts

endometrium

inner ce Il mass
(embryoblast)

trophoblast

blastocyst cavity

(blastocoele) What are
sources?

[http://en.wikipedia.org/wiki/Blastocyst]




Embryonic Stem Cell Sources

Embryo-dependent Embryo-independent
In Vitro Somatic Cell Nuclear
Fertilization Nuclear Transfer Reprogramming
Enuclnled Somatic Ectopic
Oocyte Sperm cell nucleus factors
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Mayo Clin Proc. * July 2011;86(7):634-640



Key Issues

» Safety

* unintended consequences
o off-target effects
O gene co-variation effects
o0 general lack of predictive capability



Off-Target Effects

e Issue of vigorous research, in
guantitative analysis and in
enhancement of selectivity
o Currently, significant
probability of off-target gene
mutations in cells for which

the desired gene is affected

http://www.genoway.com/technologies/crispr-cas9-
technology.htm

PL0oS One. 2015 Apr 24,;10(4):e0124633. doi: 10.1371/journal.pone.0124833. eCollection 2015.

CCTop: An Intuitive, Flexible and Reliable CRISPR/Cas9 Target Prediction Tool.
Stemmer M, Thumberger T, Del Sol Keyer M, Wittbrodt J7, Mateo JL".

Nat Methods. 2015 Mar;12(3):237-43, 1 p following 243. doi: 10.1038/nmeth.3284. Epub 2015 Feb 9.

Digenome-seq: genome-wide profiling of CRISPR-Cas9 off-target effects in human cells.
Kim D', Bae S, Park J2, Kim E3, Kim S%, Yu HR®, Hwang J4, Kim JI°, Kim JS'.

Nat Commun. 2014 Nov 26;5:5507. doi: 10.1038/ncomms6507.

Targeted and genome-wide sequencing reveal single nucleotide variations impacting specificity of Cas9 in
human stem cells.

Yang L, Grishin D?, Wang G2, Aach J2, Zhang CZ*, Chari RZ, Homsy J2, Cai X3, Zhao Y®, Fan JB®, Seidman C2, Seidman J2, Pu W3, Church G.
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In this report, we used tripronuclear
(3PN) zygotes to further investigate CRISPR/Cas9-me-
diated gene editing in human cells. We found that
CRISPR/Cas9 could effectively cleave the endogenous
B-globin gene (HBB). However, the efficiency of ho-
mologous recombination directed repair (HDR) of HBB
was low and the edited embryos were mosaic. Off-target
cleavage was also apparent in these 3PN zygotes as
revealed by the T7E1 assay and whole-exome se-
e quencing. Furthermore, the endogenous delta-globin
et gene (HBD), which is homologous to HBB, competed
with exogenous donor oligos to act as the repair tem-
plate, leading to untoward mutations. Our data also
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Gene Co-Variation
— Sickle Cell Anemia and Malaria

Sickle Cell
hemoglobin gene
mutation is found

more frequently in
areas where
malaria is
prevalent
-- 1t has favorable
selection
advantage due to
protection against
malaria parasite
survival within red
blood cells

[Piel, Nature Comm (2014)]




[Max Planck Inst Molec Genetics,
Munich]

General Lack
of
Predictability

-- dynamic gene
network
complexity
-- environmental
context dependent

Estimated #Protein-Protein Interactions

Fly ~70,000
Worm ~200,000
Plants ~300,000

Human ~700,000



Key Issues

> Ethics |

= germ-line cells vs somatic cells
o alterations enter human heredity

» Safety

* unintended consequences
o off-target effects
O gene co-variation effects
o0 general lack of predictive capability

> Value

= actual medical benefit?

> Ethics I

= “desirable” traits?
= nformed consent?
= socio-economic equity?



California IVF: Medical Benefit Beyond
DoVl IR sy, e Current Capabilities?

Preimplantation Genetic Diagnosis ® Q)

(PGD) TR F:

nnnnnnn

While not whole
genome sequencing,
can examine for
particular
mutations of
concern from
parental genetics

[http://www.californiaivf.com/genetic-diagnosis-PGD-CGH.htm]



MIT

Medical Benefit Beyond
Current Capabilities?

[http:/lwww.medicalnewstoday.com/articles/289279.php]

<> Can do parental genome sequencing in order to ascertain
potential risks for which to examine particular embryo genes

<> Potential for embryo genome sequencing when parental is not
available, or for de novo mutations



Key Issues

» Ethics |1

= “desirable” traits?
= informed consent? — individual and progeny
= socio-economic equity?



Genetic Modifications of Babies

Percentage of US. adults saying that changing ababy's e N O n _T h e r ap e u t | C "
genetic characteristics for each purposeis.... . .
Applications

[j Appropriate
B Taking medical advances too far

83%

Imaginable
examples?

50%

46%

15%
To make the baby To reduce therisk of
more intelligent serious diseases

Pew Research Center



Scientific Community “Pro-Active” Reaction

Science wws

Science. 2015 Apr 3,348(6230).36-8. doi: 10.1126/science.aab1028. Epub 2015 Mar 18.

Biotechnology. A prudent path forward for genomic engineering and germline gene modification.

Baltimore D', Berg P2, Botchan M2, Carroll D*, Charo RA3, Church G, Corn JE7, Daley GQ®, Doudna JA®, Fenner M7, Greely HT'?, Jinek M'", Martin GS'2,
Penhoet E'3, Puck J'4, Sternberg SH'%, Weissman JS'6, Yamamoto KR'7.

1. Strongly discourage clinical application of this technology at this time.

2. Create forums for education and discussion

3. Encourage open research to evaluate the utility of CRISPR-Cas9
technology for both human and nonhuman model systems.

4. Hold an international meeting to consider these issues and possibly make
policy recommendation.

“At present, the potential safety and efficacy issues arising from the use
of this technology must be thoroughly investigated and understood
before any at-tempts at human engineer-ing are sanctioned, if ever, for
clinical testing.”



Jennifer Doudna interview

How did the meeting go? Were there some areas of disagreement?

Doudna: It actually went fairly smoothly. There was definitely very animated discussion.
This is a topic that people can feel emotion about. It is pretty profound if you talk about
clinical applications that could change human evolution. There were different points of
view, but not hugely different. | didn’t hear anybody at either extreme saying things like
“We should edit people tomorrow!” or “We have to get rid of this technology.” It was more
focused on questions such as “What kind of safety or regulatory matters should be
discussed?” It was only a one-day meeting so there wasn’t a lot of time to get into other
issues such as gene editing triggering a biological chain reaction where a dominant
change could spread through a whole population.

Knoepfler Lab Stem Cell Blog [http://www.ipscell.com/tag/jennifer-doudna/]



Jennifer Doudna interview

Knoepfler Lab Stem Cell Blog [http://www.ipscell.com/tag/jennifer-doudna/]



Jennifer Doudna interview

Knoepfler Lab Stem Cell Blog [http://www.ipscell.com/tag/jennifer-doudna/]



International Status of Human Germ-line Editing

[Araki, Reprod Biol Endocrinol (2014)]




Status of Human Germ-line Editing in USA

= “NIH will not fund any use of gene-editing technologies in human embryos.”
= “The concept of altering the human germ-line in embryos for clinical purposes
has been debated over many years... and has been viewed almost universally as
a line that should not be crossed.”

= “_..strong arguments against engaging in this activity remain. These include
< Unquantifiable safety issues
< Ethical issues presented by altering germ-line in a way that affects the next generation
without their consent
< Acurrent lack of medical applications justifying the use... in embryos.”

[http://www.nih.gov/about/director/04292015 statement_gene_editing_technologies.htm]



Status of Human Germ-line Editing in USA

= “Practically, there are multiple existing legislative and regulatory prohibitions

against this kind of work.”
< “Dickey-Wicker amendment prohibits use of appropriate funds for creation of human
embryos for research purposes or for research in which human embryos are destroyed.”
< “NIH guidelines state that the Recombinant DNA Advisory Committee will not at
present entertain proposals for germ-line alteration.”
< FDA has authority to regulate cell and gene therapy products... which would include
human germ-line modification.”

[http://www.nih.gov/about/director/04292015 statement_gene_editing_technologies.htm]



