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Thalassemia

Thalassemia is an inherited blood disorder characterized by abnormal hemoglobin
production. It was found in the Mediterranean area in 1925.
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Thalassemia: High incidence of hereditary diseases Iin the
south of China
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Clinical Symptoms

1. Transfusion;

2. Allogeneic hematopoietic-cell
transplantation.




Genetic Mechanism of Thalassemia

Chromosome 16
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Cornelis L. Harteveld, Blood Cells, Molecules and Diseases 2017



Gene Therapy with LentiGlobin by Bluebird Bio
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A clinical approval for the gene therapy might come in 2019 ?




1
2
3
4
5
6
1/
8
9

Gene Editing

. Science: Breakthrough of the Year 2012 (TALEN)

. Science: Breakthrough of the Year 2013 (CRISPR/Cas9)
. Nature: Ten people who mattered this year 2013 (Feng Zhang)

. Nature: Ten people who mattered this year 2015 (Junjiu Huang)
. Science: Breakthrough of the Year 2015 (CRISPR/Cas9)
. Nature: The science events that shaped 2015 (CRISPR/Cas9)

. Nature: Ten people who mattered this year 2017 (David Liu)
. Science: Breakthrough of the Year 2017 (Pinpoint gene editing)
. Nature: The science events that shaped 2017 (Human embryo editing)

EMBRYO
EDITOR




Treat p-thalassemia with Gene Editing in HSC

Gene editing

P

CRISPR/Cas9 ZFN

/ Lentivirus packaging
ANNNINININ\ mRNA electroporation
@ RNP
(oligonucleotides, plasmids, IDLV, AVV)

Donor template

>
Gene modification

HSC
(enriched CD34+ cells) **

Ex-vivo expansion of
corrected HSCs

Autograft

Cornelis L. Harteveld, Blood Cells, Molecules and Diseases 20178



Fix p-thalassemia in Somatic Cells
ARTICLE 201

CRISPR/Cas9 3-globin gene targeting in
human haematopoietic stem cells e o

. N et ] TR . . Targeted
Daniel P. Dever'*, Rasmus O. Bak'#, Andreas Reinisch?, Joab Camarena', Gabriel Washington!, Carmencita E. Nicolas', integration 1 'SFFv JGFPEGHIB(A) 1 2 3

Mara Pavel-Dinu', Nivi Saxena', Alec B. Wilkens', Sruthi Mantri', Nobuko Uchida’f, Ayal Hendel', Anupama Narla“, 381bp
Ravindra Majeti’, Kenneth I. Weinberg! & Matthew H. Porteus’

doi:10.1038/nature20134

HBB Locus

L 2018:

Normal adult human erythroid cells

Direct Promoter Repression by BCL11A ( (e
Controls the Fetal to Adult Hemoglobin Switch T

HPFH or CRISPR edited erythroid cells

Nan Liu,"-® Victoria V. Hargreaves,':® Qian Zhu,*° Jesse V. Kurland,® Jiyoung Hong,” Woojin Kim," Falak Sher,’

Claudio Macias-Trevino,' Julia M. Rogers,** Ryo Kurita,® Yukio Nakamura,® Guo-Cheng Yuan,? Daniel E. Bauer, Jian Xu,°

Martha L. Bulyk,*“7 and Stuart H. Orkin'.#10.*

1Cancer and Blood Disorders Center, Dana Farber Cancer Institute and Boston Children's Hospital, Harvard Medical School, Boston, [CR
NNNNNN-TCACCA-L -

MA, USA

y-globin B-globin
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How to Get a Healthy Baby for Patients?

Inherited Mutations
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A zygote develops to a complex human body, which is made of 60 trillion cells.

CarriersQ O

4

o 25% Healthy Offspring
e 509% Carriers or Patients
e 2596 Patients
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Third Generation Test-tube Baby Technology
Preimplantation Genetic Testing (PGT) : PGD and PGS

Using PGT to help p-thalassemia/DMD patients since 2000.

IVF Center In First
Affiliated Hospital
found in 1989.

Screen Genes, Pick up Healthy Embryos!

Can We Repair or Block Inherited Mutations
in Human Embryo ?99
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Model Mouse Research Center,
Sun Yat-sen University

Gene knock out/in mice;
Conditional knock out mice

Ty S
<& ..._'.'-J__. i
b | ‘rt .
CRISPR/Cas9 & R——
- — 71
Tyrosinase (Tyr) : The key enzyme in ;
WT C57 the biosynthesis of melanin. Albino C57

Nat Commun. 2018
Protein Cell 2017
Molecular Cell 2016
Scientific Reports 2016
Plos ONE 2015

Cell Research 2011
Aging Cell 2009

Stem Cells 2008 12




2013:

Cell Stem Cell

Correction of a Gene Mutation
In Mouse Zygote

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

Yuxuan Wu,'-” Dan Liang,’-%7 Yinghua Wang,'-* Meizhu Bai,'-®> Wei Tang,* Shiming Bao,® Zhigiang Yan,® Dangsheng Li,°
and Jinsong Li"-3*

1Group of Epigenetic Reprogramming, State Key Laboratory of Cell Biology, Shanghai Key Laboratory of Molecular Andrology, Institute of
Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, 200031, China

WT allele | ~— — — — — >
DHDR

Mutant ailele j— ~— — — — — . P>

Deletion
5'-ACCGGC{ CTTCCAGGACTGGGGCTCTGTAGATGCTA-3'
3'-TGGCCG - GAAGGTCCTGACCCCGAGACATCTACGAT-S' &
PAM Target -

HDR medlated Control
repair

What Risks in Fixing B —thalassemia
in Human Embryo with CRISPR/Cas9 9
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2014
CRISPR/Cas9—mediated editing of ABB gene in human

callcg
---gcﬂtctgactcct'-'T”nﬂiufiu?TTATT’II"-'II???T?Tiliﬁufftgccctgtggggﬂ"- 3 Edited allele
3’ ...cgtagactgaggaC TTCTTTTTAGGCGACAGTGacgggacacceeg... 5° Oligo donor
5 gactcchﬁGGAGAﬁGTCTGCCGTTACtg;pct 3 WT allele
il | >
‘CD17(AAG>TAG) HEBB

CD14/15{(+G)

ssDNA
Transfection -I: -
\# p}{EHD-G‘I 1
n | — TA G!éi:l‘llﬁg
'ﬂﬁfm '

293T DMNA
extraction
GARECTCCIGAGGAG ARG TCIGCCGTITITACTGCCCIG GALCICCIGAAGAARARRART CCGCIGICACIGCCCTIG

14
Wild-type allele Edited allele



CRISPR/Cas9-—mediated editing of HBB gene
in human tripronuclear zygotes

Unexpected repairs

Targeted editing of the HEBE gene in human 3PN zygotes by intra-cytoplasmic injection

Cas9/gRMNA/ssDNMNA Survived GFEFP* PCR- Cas9- Edited with

Recombined

Group
No. (ngful) linjected amplified cleaved ssDNA with HBD
1 100/20/2 10/11 B 6 4 0 1
2 100/20/20 22/29 17 17 7 1 0
3 200/40/200 12/14 12 10* (] 2 2
4 200/40/200 27/32 24 21* 11 1 4
Total 71/86 59 54 28 < 7
- (82.6%) (51.9%) (14.3%) (25.0%)
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CRISPR/Cas9 has off—-target effect
in human tripronuclear embryos

GCATCTGACT GAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAA 8/50
GCATCTGACT GAAGAAAAATCOCGCTGTCACTGCCCTGTGGGGCAAGGTGAA 6/50
GCATCTGACT GAAGAAAAATCCGCCGTTACTGCCCTGTGGGGCAAGGTGAA 1/50
GCATCTGACT GAGGAGAAGACTGCTGTCAATGCCCTGTGGGGCAAAGTGAA 21/50
GCACCTGACT GAG AAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAA 14/50

No.16 embryo

CRISPR/Cas9 induced on- and off-target indels in exomes of human 3PN embryos

Cas9/gRNA (ng/pL) 100/20 Low concentration group

Embryvo
No.

Sample No. A B C 1 2 34 56 7 8 9 1011

C1QC

Candidate off-target sites 1 0 1

T7E1 assay confirmed off-target sites 1 0 1 TTR

16



2015: RESEARCH ARTICLE

CRISPR/Cas9-mediated gene editing in human
tripronuclear zygotes

Puping Liang, Yanwen Xu, Xiya Zhang, Chenhui Ding, Rui Huang, Zhen Zhang, Jie Lv, Xiaowei Xie,
Yuxi Chen, Yujing Li, Ying Sun, Yaofu Bai, Zhou Songyang, Wenbin Ma, Canquan Zhou"’, Junjiu Huang™

The world’s first report of
human embryos altered by Gene Editing.

Risks!!!

1> NHEJ (nonhomologous end joining);

\ 2) Mosaicism;
- 3) Off-target mutations;
4) Using endogenous genes as templates;

17



2017:

SCiEllCE Home News Joumrnals Topics Careers

First U.S.-based group to edit human embryos
brings practice closer to clinic

By Kelly Servick | Aug. 2, 2017 _ 1:00 PM

Using the endogenous WT allele as a template

In normal human embryos vt o7 ORISPR-Caso
ARTICLE @
MIl cocyte 5
injection L\\ ). E—

M-phase

Correction of a pathogenic gene
mutation in human embryos

Hong Ma'*, Nuria Marti-Gutierrez'*, Sang - Wook Park?#*, Jun Wu’#, Yeonmi Lee!, Keiichiro Suzuki?, Amy Koski', Dongmei Ji',
Tomonari Hayama', Riffat Ahmed', Havley Darby!, Crystal Van Dyken!, Ying Li', Eunju Kang!, A.-Reum Park?, Daesik Kim?,
Sang-Tae Kim?, Jianhui Gong>®"%, Ying Gu™®’, Xun Xu™>%’, David Battaglia?, Sacha A. Krieg”, David M. Lee”, Diana H. Wu"”,
Don P. Wolf!, Stephen B. Heitner!'?, Juan Carlos Izpisua Belmonte?§, Paula Amato™?§, Jin-Soo Kim*“§, Sanjiv Kaul'’§ &

Shoukhrat Mitalipov'-10§ 2017/08/02



2016:

Cytidine Base Editor(CBE)
LETTER

doi:10.1038/naturel7946

Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage

Alexis C. Komor!'?, Yongjoo B. Kim"?, Michael S. Packer!?, John A. Zuris'? & David R. Liu'+?

dCas9

sgRNA
3/
5)‘

TG I ; ;
3’°"m m"‘ g’ C T (Or G A)
Baa T

T IGTTTTTITTTTTTTT

Cytidine

deaminase
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2017 Gene Modified Mouse Embryo
| with Cytidine Base Editor

DOI 10.1007/s13238-017-0418-2 QCMSMM Protein & Cell

RESEARCH ARTICLE

Effective gene editing by high-fidelity base
editor 2 in mouse zygotes

Protein Cell

DOI 10.1007/513238-017-0432-4 @ ceevak Protein & Cell

Puping Liang"%%", Hongwei Sun’, Ying Sun’, Xiya Zhang', Xiaowei Xie', Jii
Zhen Zhang'*, Yuxi Chen’', Chenhui Ding®, Yuanyan Xiong’, Wenbin Ma’, p HicHLiGHT
Junjiu Huang™?*, Zhou Songyang'?3°"*
Editing base in mouse model
T Key Laboratory of Gene Engineering of the Ministry of Education, Guangzhou Key Lab
Haoyi Wang'’

State Key Laboratory of Stem Cell and Reproductive Biology, Institute of Zoology, Chinese Academy of Sciences,

.A fg‘.;- 01‘.';? ?j“gc‘:;rr;gg;g;:;-S::iranghaoyiioz.ac.cn {H. Wang)
i C"-
HFZ-BEZ2
D10A H840A,
g & &
$ & 8
= O )
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Production of Homozygous FO mouse with CBE

Table 1. Summary of base editing by HF2-BEZ2 in founder mice

Group Survived/Injected Pups/ Albino Mosaic Mutant black *
embryos (%) Transferred pups pups (%) pups (%) .
(%) (%)
gRNA-1 + HF2- 120/162 (74.1) 13/120 0] o) 2(18.2) "
BE2 mRNA’ (10.8)
gRNA-2 + HF2- 106/145 (73.1) 11/106 1(9.1) 4 (36.4) 2(18.2)
BE2 mRNA (10.4)
HF2-BE2 108/142 (7V6.1) 14/108 0] 0 0
mRNAY (13.0)
H-O 103/146 (7¥0.5) 9/103 (8.7) 0] 0 0

" # Pups were cannibalized by the mother (2 for * and 1 for ).

B-thalassemia:
Mostly caused by point mutations, there are more than 100 mutations in
HBB gene.
Can we repair B -thalassemia
in Human Embryo with CBE ? 21



B-thalassemia in Memorial Hospital,
Sun Yat-sen University

HBB Gene No. Patiens Ratio (%)
41-420IN 151 6.7
634NN 103 4.6
-28MN(A=G) 490 2.2
17M/N 30 1.3
CD1TM/N 12 0.5
BEM/N 9 0.4
41-420041-42M 3 0.4
T1-T2MN 5 0.2
2T 28MN 4 0.2
-20MN 4 0.2
14-1530N 2 0.1
41-42M054M 2 0.1
430N 2 0.1
6340/ 17TM 2 0.1

F b K moemquss e

SR LML E ST Y

BN, HOHSELUSL O BRSO

Prof. Jianpei Fang (2011-2016 analysis)

22



Correcting HBB —28 (A>G) mutation in human cell line.

A G.os Goas

|
5 ==+GGGCAGGAGCCAGGGCTGGGCATAGAAGTCAGGGCAGAGGC-==3
3'==-CCCGTCCTCGGTCCCGACCCGTATCTTCAGTCCCGTCTCG:==5

BE3 :
Exon - APOBEC-XTEN-dCas9(A840H)-UGI
E 1 P 3
B HEBE
(C ¥

s

) 2V %> GCCAGGGCTGGGCAT AGAAGT CAGGGCAGAG

1

R 23




Precise repairing of HBB —28 (A>G) mutation

C Go G ° <
I = 407 B gRNA-1
i _
GFP control GGGCAGGAGCCAGGGCTGGEGCATABAAGTCAGGGCAGAGE 30/30 > _E ] QRN A-2
Pab) o &* g
= o 304~ Bl GFP
QRNA—1 GGGCAGGAGCCAGGGCTGREGCATAGAAGTCAGRGCAGAGC 16!30 E'J- E
GGGCAGGAGCCAGGGCTGEGCATAAAAGTCAGGCAGAGC 14/30 S S
S 20+
S<
oD
GGGCAGGAGCCAGGGCTGGGCATAGAAGTCAGGGCAGAGC 2()/29 S = -
gRMNA-2 GGECAGGAGCCAGGECTGEGCATAAAAGTCAGGGCAGAGE 5/29 = D 107
GGGCAGGAGCCAGGGCTGGGCATAAAAATCAGGGCAGAGE 1/29 S S
GGGCAGGAGCCAGGGCTGGGCATACAAGTCAGGGCAGAGE 2/29 £ 0- .
GGGCAGGAGCCAGGGCTGGGCATAGAAGTCAGGACAGAGC 1/29 = o el ! >
BN
0SS

gRNA -3 GGGCAGGAGCCAGGGCTGEGCATAGAAGTCAGGGCAGAGE 27/28
GGGCAGGAGCCAGGGCTGGGCATAAAAGTCAGGGCAGAGE 1/28

24



Correcting —28 mutation in primary skin fibroblast cells of a
B-thalassemia patient

A GCCAGGGCTGGGCAT AGAAGT CAGGGCAGAG




2017:

nature
biotechnology

Precise Editing a Single-base with YEE-BE3

LE ]

ol o s

INncreasing the genome-targeting scope and precision

of base editing with engineered Cas9-cytidine

deaminase fusions

Y Bill Kim!2, Alexis C Komor!Z, Jonathan M Levy!:2, Michael S Packer!-?, Kevin T Zhao!? & David R Liu!~?

30 -~

20 -~

10 -+

0 -

BE3

FANCF

B 1 base modified

M 2 bases modified
M 3 bases modified
M 4 bases modified

—

YE1-BE3 YE2-BE3 EE-BE3 YEE-BE3

YEE = W90Y + R126E + R132E

26



Effective HBB —28 (A>G) mutation repair
In cloned human embryos by YEE-BE3

Injecting YEE-BE3
MmRNA and gRNA

Cloned homozygous N\
H B B _28 (A>G) Enucleation Remove PB1 Injecting YEE-BE3

mRNA and gRNA
human embryos I . .
Oocyte Sm Il Lar ge

activation

37 3 8
(35) (771) (6.3) (16.7)
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2017:

The world’s first report of
human embryos altered by Base Editor.

Protein Cell

DOI 10.1007/s13238-017-0475-6 @ et Protein & Cell

SHORT ARTICLE

Correction of B-thalassemia mutant by base
editor in human embryos

Puping Liang™? Chenhui Ding® Hongwei Sun’, Xiaowei Xie', Yanwen Xu®, Xiya Zhang’, Ying Sun’,
Yuanyan Xiong', Wenbin Ma', Yongxiang Liu?, Yali Wang?, Jianpei Fang®, Dan Liu®, Zhou Songyang"**",
Canquan Zhou*"", Junjiu Huang'**"

1 Key Laboratory of Gene Engineering of the Ministry of Education, Guangzhou Key Laboratory of Healthy Aging Research

This first study was a successful proof of principle that the base-editing

technique can be used to correct a disease mutation in a human embryo.

--Nature 2017

28



Adenosine Base Editor (ABE)
ARTICLE

doi:10.1038/nature24644

Programmable base editing of A-T to G-C
in genomic DNA without DNA cleavage

Nicole M. Gaudelli'??, Alexis C. Komor"??f, Holly A. Rees"??, Michael S. Packer"??f, Ahmed H. Badran'?3,
David 1. Brvson’??+ & David R. Lin'#3

CasB
nickase =g

Protospacer PAM
A Ve

Ganomic DA
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To be continuec*e**-*

Pathogenic human SNPs
(32,044 total)

B Corrected by AT — G<C

Bl Corrected by G*C — T*A
mm Corrected by C*G — G-C

mm Corrected by AT — T°A
B Corrected by G*C — A-T
E Corrected by AT — C-G

Nicole m. Gaudelli et al. Nature 2017
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2017:
Human Genome Editing: Science, Ethics, and Governance

 nosionay | SCIENCES
Te National | ENGINEERING HUMAN

Acadenties of
MEDICINE
natur e International weekly journal of science

Vo= L (e . = = = = [l = _— s : . |
Tmr A e Home Jews & Comment | Research | Careers & Jobs rent Issue | Archive | Audio & Video | For
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REPORT

VATURE | NEWS
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With the conc

Cene-Editing Ed :
technologies, . i S

clinical, ethic: :
Amultldlsmplv:w./g_%_‘ SC[ENGE
H _,V_"‘“ _"-"m =
. ETHICs,

Scientists should be permitted to modify human embryos destined for implantation in the womb to

-
GOVE R NANCE eliminate devastating genetic diseases such as sickle-cell anaemia or cystic fibrosis — once
!gene—editing techniques advance sufficiently for use in people and proper restrictions are in place.

|
That's the conclusion of a 14 February report from the US National Academies of Science,

| US science advisers outline path to genetically
modified babies

| Modified human embryos should be allowed if researchers meet strict criteria, says

. long-awaited National Academies report.
" Sara Reardon

4 February 2017 | Updated: 14 February 2017

R Rights & Permissions

-1

= NATIOMNAL AC.M')EM\’ OF SCIENCES i i o
* NATIONAL ACADEMY OF MEDICINE Engineering, and Medicine.



Condemning the reproductive application of gene editing on human germline

Committee of Genome Editing, Genetics Society of China
Chinese Society for Stem Cell Research

Nov. 27th, 2018

On Nov. 26th, 2018, Jiankui He, associate professor from Southern University of Science and Technology,
announced that two babies with edited CCRJ gene have been born in China, and he believed that this genetic
modification would render these babies immune to HIV infection. While more solid facts of this experiment
remain to be disclosed and the veracity of such claims are yet to be ascertained, we strongly condemn any
application of gene editing on human embryos for reproductive purposes. Such intervention is against the
law, regulation, and medical ethics of China. Moreover, it violates internationally accepted ethical principles
regulating human experimentation and human rights law.
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