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> 10,000 research articles


45 completed and ongoing clinical trials


>70 active NIH R01s


$17B valuation across >12 companies


6-year, >$100M patent lawsuit 


1 person in prison



Early genetic engineering - selective breeding



Early genetic engineering - selective breeding

crop domestication and breeding
“the first agricultural revolution”



Early genetic engineering - selective breeding

animal breeding and 
trait specialization



Early genetic engineering - selective breeding

canis lupus



The Siberian fox experiment

Vulpes vulpes
silver fox

Dmitry Belyayev



The Siberian fox experiment

fear, aggression, violence

do not breed
indifference, curiousity

breed



The Siberian fox experiment



Genetics can be… complicated

Jean-Baptiste Lamarck - 1770s Charles Darwin - 1859

• physical changes during life are heritable 

• these are passed on to future generations
• variation in traits exist across generation 

• most “successful” variants reproduce 

pre 1850s

after 1900

peppered moth, UK



Genetics can be… complicated

Gregor Mendel - 1863

pea plant 
pisum sativum

“blending” inheritance - is it true?



Genetics can be… complicated

Gregor Mendel - 1863

pea plant 
pisum sativum

terminal axial

short tall

flower 
position

plant 
height

pod

flower

seed
wrinkled round

green yellow

purplewhite

constricted inflated

green yellow



Genetics can be… complicated

Gregor Mendel - 1863

pea plant 
pisum sativum

P generation F1 generation F2 generation

all purple 3:1 purple:white



Genetics can be… complicated

Gregor Mendel - 1863

pea plant 
pisum sativum

AA aaAa

A = dominant allele a = recessive allele

AA

aa Aa

Aa

Mendelian inheritance

Aa Aa

Aa Aa

AA Aa

Aa aa



Molecular Genetics

Walter Flemming

Flemming, Walther. Zellsubstanz, kern und zelltheilung. Vogel, 1882.

1882

“Further study of the division 
phenomena… reveals a stainable 
substance of the nucleus. I shall 
coin the term chromatin for the 
time being.”

chromosomes as the physical hereditary molecule?



Molecular Genetics

Theodor Bovori

Boveri, T. 1888.

1888

chromosomes are copied and sometimes assymetrically distributed



Molecular Genetics

Walter Sutton

1903

“germ cells” contain half of chromosomes - fertilization completes the set

Sutton, Walter S. The Biological Bulletin, 1903, 231-250.



Molecular Genetics

1951

Rosalind Franklin Maurice Wilkins

• must be helical in shape 

• water is excluded from interior 

• ratio of A = T, C = G

Nature, 1953, 171, 740-741.

chemical structure of DNA - how is information encoded?
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Molecular Genetics

1951

chemical structure of DNA - how is information encoded?

Rosalind Franklin Maurice Wilkins

James Watson Francis Crick

Nature, 1953, 171, 737-738.



Molecular Genetics

1961

messenger RNA is made from DNA, enables protein synthesis?

Sydney Brenner

Francois Jacob

Francis Crick

Nature, 1961,190, 581-585.



DNA
(genome)

messenger RNA
(transcriptome)

protein
(proteome)

transcription

translation

The “you” you are



chromosomes occupy discrete terrorites in the nucleus

The “you” you are



every cell has  
the same genome

The “you” you are

different cell types run different  
gene expression programs



Mom Dad

The “you” you are

Steve

CYP1A2  
(cytochrome P450)
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N

Me
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O
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Me

caffeine

ATTTGAAG C CCAGATG
TAAACTTC G GGTCTACCC

C C

single nucleotide polymorphism (SNP)

rs2472297
Chr 15: 74.72 – 74.73 Mb
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The “you” you are
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The “you” you are



The “you” you are



T4 bacteriophage

E coli 
cell

The microbial arms race

Nat. Rev. Microbiol., 2015, 13(12) 777-786.

replication by host

inject DNA



Restriction enzymes

Werner Arber

bacterial host chromosome

Hamilton Smith

Daniel Nathans
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N6-methyladenosine 
m6A

5-methylcytidine 
m5C

4-methylcytidine 
m4C

sequence recognition cleavage

Nat. Rev. Microbiol., 2015, 13(12) 777-786.



Genetic engineering with restriction enzymes

swap and splice

gene of interest bacterial plasmid

sequence recognition

cleavage



Problem 1: restriction enzymes are permanently locked in on their targets

programming recognition of new sites requires 
complete redesign/evolution of enzyme



Problem 2: the recognition sequences are not that unique

bacterial plasmid
~6,000 nt

1 site

human genome
~6,000,000,000 nt

(1/4)6 = 0.02% probability 

0.02% x 6000 = 1.2 sites

(1/4)6 = 0.02% probability 

0.02% x 6,000,000,000 = 1,200,000 sites



Yoshizumi Ishino

J. Bacteriol., 1987, 169(12) 5429-5433.

“An unusual structure was found in the 3’ end flanking region of iap (Fig.5). 
Five highly homologous sequences of 29 nucleotides were arranged as 
direct repeats with 32 nucleotides as spacing, and have been found in 
E.coli and Salmonella typhimurium and mayacttostabilizem…. 


…. the biological significance of these sequences is not known.”


Meanwhile, in Japan



Clustered
Random
Interspersed
Short
Palindromic
Repeats

Mol. Microbiol. 2002, 43(6), 1565-1575.

Ruud Jansen

first 20-30 nt identical next 30-40 nt always different

Repetitive sequences



Protein-coding genes are associated with CRISPR arrays

Clustered
Random
Interspersed
Short
Palindromic
Repeats

Nucleic Acids Res. 2002, 30(2), 482-496.

Ruud Jansen

CRISPR-associated proteins (Cas)

first 20-30 nt identical next 30-40 nt always different



J. Mol. Evol., 2005, 60, 174-182.

CRISPR sequences align with bacteriophage DNA

first 20-30 nt identical next 30-40 nt always different

Francisco Mojica



CRISPR sequences align with bacteriophage DNA

first 20-30 nt identical next 30-40 nt always different

Francisco Mojica

high sequence similarity

bacteriophage DNA

J. Mol. Evol., 2005, 60, 174-182.



CRISPR sequences protect bacteria from infection

Science, 2007, 315(5819), 1709-1712.

Rodolphe Barrangou



bacteriophage  
DNA

CRISPR + Cas = an adaptive antiviral immune system

Science, 2008, 321(5891), 960-964.

CRISPR array Cas protein genes

pre-CRISPR RNA

processed fragments

DNA 
digestion

E coli cell

Cas1 Cas2
foreign DNA 

aquisition

1

Cas RNP 
loading

2

Cas9

adaptive 
interference

3

??



Elucidating the CRISPR-Cas architecture

Emmanuel Charpentier

Nature, 2011, 471, 602-607.



target DNA

Cas9

trans-activating

crisprRNA


“tracrRNA”

crispr RNA

Elucidating the CRISPR-Cas architecture

Nature, 2011, 471, 602-607.



Jennifer DoudnaEmmanuel Charpentier

• CRISPR architecture/regulation

• inhibition of CRISPR in flesh-eating bacteria

• RNA-protein structural interfaces

• how does crRNA and tracrRNA function?

Later that year, in San Juan Puerto Rico





Science, 2012, 337, 816-821.

A Programmable Dual-RNA–Guided DNA Endonuclease in Adaptive Bacterial Immunity

better understanding of crRNA:tracrRNA interface

2 separate active sites in the Cas9 enzyme cleave each strand

fusing crRNA and tracrRNA works just as well

1

3

4

crRNA sequence is programmable2



A Programmable Dual-RNA–Guided DNA Endonuclease in Adaptive Bacterial Immunity

Science, 2012, 337, 816-821.



A Programmable Dual-RNA–Guided DNA Endonuclease in Adaptive Bacterial Immunity

Science, 2012, 337, 816-821.

“Our study further demonstrates that the Cas9 endonuclease family can be programmed with 
single RNA molecules to cleave specific DNA sites, thereby raising the exciting possibility of 
developing a simple and versatile RNA-directed system to generate dsDNA breaks for genome 
targeting and editing.” 

“The methodology based on RNA-programmed Cas9 could offer considerable potential for gene-
targeting and genome-editing applications.”



Mammalian (human) genome engineering using CRISPR Cas systems

Feng Zhang S. pyogenes HEK293T cells

Science, 2013, 339(6121), 819-823.



Mammalian (human) genome engineering using CRISPR Cas systems

gRNA plasmid Cas9 plasmid

Science, 2013, 339(6121), 819-823.



Mammalian (human) genome engineering using CRISPR Cas systems

double-stranded DNA (dsDNA) break

gene disruption : CRISPR Knock-Out gene insertion/correction : CRISPR Knock-In

insertions deletions

Non-homologous end joining (NHEJ) Homology-directed repair (HDR)

“indels” correction/editing

corrected template

Science, 2013, 339(6121), 819-823.



Mammalian (human) genome engineering using CRISPR Cas systems

Science, 2013, 339(6121), 819-823.

indel disruption



Mammalian (human) genome engineering using CRISPR Cas systems

Science, 2013, 339(6121), 819-823.

precise editing (homology-directed repair)

D10A



Performing CRISPR Knock-outs and Knock-Ins

GFP

gRNA plasmid Cas9 GFP plasmid

fluorescence activated cell sorting 
(FACS)

single cell propagation

functional screening



Making CRISPR Better

~10-10,000 off-targets possible



Making CRISPR Better

~10-10,000 off-targets possible

decrease off-target promiscuity

increase on-target efficiency

reduce Cas9 size/enhance “deliverability”

1

2

3



CRISPR Cas systems across microbiology

Curr. Opin. Microbiol., 2017, 37, 67-68.



Natural alternatives and engineered Cas9 systems

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Natural alternatives and engineered Cas9 systems

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Killing Cas

D10A D10A

H840A

Full Cas9 endonuclease Cas9 “nickase” dead Cas9

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Bringing new life to new activity

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.

D10A

H840A

dead Cas9dead Cas9 - fusions…

effector 
domain



Epigenetic regulation of gene expression

inhibit gene expression

CRISPRi

activate gene expression

CRISPRa

chromatin remodeling

methylation, acetylation, removal, installation, etc

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Epigenetic regulation of gene expression

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.

light-based recruitment

small molecule-induced dimerization



Base editing

Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.



Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.

Base editing
adenosine deamination



Nat. Rev. Mol. Cell. Biol., 2019, 20, 490-507.

Base editing
adenosine deamination



Nature, 2016, 533, 420-424.

Base editing

David LiuAlexis Komor

adenosine deamination



Base editing

cytidine (C) uracil ( ~T )

N

N

NH2

O N

NH

O

O

Nature, 2016, 533, 420-424.

cytidine deamination



Base editing

cytidine (C) uracil ( ~T )

N

N

NH2

O N

NH

O

O

Nat. Biotech., 2021, 39, 1414-1425.

Uracil 
deglycosylase

CG base editors (CGBEs)



Base editing

Nat. Rev. Drug. Disc., 2020, 19, 839-859.

…isn’t perfect



Base editing

Nat. Rev. Drug. Disc., 2020, 19, 839-859.
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…is limited in scope
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Base editing

Nat. Rev. Drug. Disc., 2020, 19, 839-859.

…is limited in scope



Base editing

Nat. Rev. Drug. Disc., 2020, 19, 839-859.

…is limited in scope



Prime editing

template

Nature, 2019, 576, 149-157.

prime editor guide RNA



Prime editing

template

Nature, 2019, 576, 149-157.

• recruits Cas9 to specific loci

• encodes the edit



Prime editing

Nature, 2019, 576, 149-157.



Prime editing

Nature, 2019, 576, 149-157.

• all 4 transitions

• all 8 transversions

• insertions (1 - 50 bp)

• deletions (1 - 80 bp)

• combinations of the above



“Twin” Prime editing

Nat. Biotech, 2022, 40, 731-740.



In vivo editing - current clinical applications



Duchenne muscular dystrophy (DMD)

Science, 2018, 362, 86-91.

In vivo editing - current clinical applications



base editors

Nat. Rev. Drug. Disc., 2020, 19, 839-859.

In vivo editing - current clinical applications



Editing embryos

gene of interest

Nature, 2017, 548, 413-419.



first 30 min - 15 h … and every 15-24 h hence



Editing embryos

Nature, 2017, 548, 413-419.

“mosaicism”



Editing embryos

Nature, 2017, 548, 413-419.



Lulu and Nana

He Jiankui
SUSTech, Shenzhen

• 2017-2018: attempt CCR5 deletion in embryos from HIV-positive couples

• homozygous deletion of CCR5 does confer resistance to HIV 

• heterozygote mosaics were obtained, but proceeded anyway (shorter life expectancy)

• Lulu and Nana born Oct 2018 as first engineered humans

• International outrage, Jiankui sent to prison



Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.

The agricultural revolution



Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.

The agricultural revolution



Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.

The agricultural revolution



Yeast and bacterial bioproduction platforms

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



Yeast and bacterial bioproduction platforms

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



Transgenic animals

Argiope catenulata

Capra hircus

Proc. Natl. Acad. Sci., 2018, 115(35), 8757-8762.



Transgenic animals

Sci. Immunol., 2019, 4(41).

George Church



Transgenic animals

Sci. Immunol., 2019, 4(41).

George Church



Myostatin inhibits muscle growth, blocking it can grow muscle

Nat. Comm., 2021, 12, 330.



Myostatin inhibits muscle growth, blocking it can grow muscle

Nat. Comm., 2021, 12, 330.



Gene drives

Nat. Rev. Genetics, 2022, 23, 5-22.



Gene drives

Nat. Rev. Genetics, 2022, 23, 5-22.



Nat. Rev. Genetics, 2022, 23, 5-22.

Females
Males

Anopheles gambiae

Gene drives



Nat. Rev. Genetics, 2022, 23, 5-22.

Gene drives



Nat. Rev. Genetics, 2022, 23, 5-22.

Gene drives



Nat. Rev. Genetics, 2022, 23, 5-22.

Gene drives



De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.

DNA t1/2 = 541 years



De-extinction

Nat. Comm., 2015, 6, 7352. Nat. Comm. Biol, 2021, 4, 1125.



De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



De-extinction

Nat. Rev. Mol. Cell. Biol., 2020, 21, 661-677.



Final perspectives

these continue to get better in every way

delivery of CRISPR in vivo remains a challenge
methods continue to get better in every way

ethical debates must be had, and laws must be made

our understanding of genetics is the biggest bottleneck
interplay of multiple genes, environment, etc

a variety of effective tools and platforms exist for manipulating DNA/RNA



Thank you



Thank you


