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Themes

1. What is the CRISPR-Cas Bacterial Immunity 
System?

2. What Are the Individual Components of the 
CRISPR-Cas Immunity System?

3. How Can CRISPER-Cas9 be Used For Gene 
Editing?

4. How Can Genetic Engineering Be Used To 
Eliminate or Reduce Mosquito Populations?

5. What is Gene Drive and How Can it Be Used 
To Fight Malaria?

6. What Are the Ethical and Regulatory Concerns 
of Using Gene Drive Systems?

7. What Are Other Applications of CRISPR-Cas9 
Editing?
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Genetic Engineering Breakthroughs
Classical Breeding – 8,000 BCE

Transgenic Genetic Engineering – 1973

Polymerase Chain Reaction (PCR) – 1985

Synthetic Genomes – 2,000

Gene Editing or Clustered Regularly 
Interspaced Short Palindromic Repeats 

(CRISPR) – 2015

Our Primitive Biotechnology Ancestors

Berg, Cohen, & Boyer

Mullis

Venter

Doudna & Carpentier
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Genetic Engineering is the TECHNIQUE!
That Generates GMOs

Breeding or DNA Manipulation – They Are the
SAME

& 
Called Gene Engineering

So…….WHAT IS A GMO??

1. Classical Breeding By Selective Mating 
(Thousands of Years)

2. Insertion of a New Gene Into An 
Organism’s Chromosomes (50 Years) –
Transgenic Organism

3. Editing Existing Genes Like A “Word 
Program” (5 Years) – CRISPR Gene Editing

4. DNA Synthesis – Synthetic Genomes 
(5 Years) 
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Restriction-Modification

Bacterial Defense Mechanisms Used For Genetic Engineering

Antibiotic Resistance

CRISPR

Barnase & Barstar
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EcoRI Restriction Site

CRISPR Repeat

5’
5’3’
3’

PALINDROME

The CRISPR-Cas Bacterial Immunity System

Clustered
Regular
Interspaced
Short
Palindromic
Repeats

CRISPR
Associated
System

CAS is an 
Endonuclease 
That Cleaves 

dsDNA

CRISPR LOCUS

Spacer = Phage DNA

1 2
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Components of the CRISPR-Cas Bacterial Immunity 
System Can Be Cloned and Engineered to Work Like 

“Legos” in Eukaryotic Cells

Bacterial Repeats

Phage DNA

Cas 9 Nuclease

Complexes
With Cas 9

Protein & Spacer RNA
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The CRISPR-Cas Bacterial Immunity System

Discovered CRISPR
Repeats by Bacterial 
Genome Sequencing

2002

Hypothesized 
That CRISPR
is a Bacterial 

Immunity System
2005

Experimental 
Proof of CRISPR 

Immunity 
Functions in 

Bacterial Cells
2007-2011

2002 to Present
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The CRISPR-Cas Bacterial Immunity & Gene 
Editing System
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Components of the CRISPR-Cas Bacterial Immunity 
System Can Be Cloned and Engineered to Work Like 

“Legos” in Eukaryotic Cells

1. Transacting Crispr RNA (tracrRNA) – Interacts With 
crRNA & Cas9 Protein (Specific RNA Sequence)

2. Cas9 Endonuclease – “Cuts” DNA at Target Site

3. Crispr RNA (crRNA) – Directs Cas9 to Target Site

4. Complementary Base Pair Relationships & Varies With 
Target Sequence

5. Protospacer Adjacent Motif (PAM) – Sequence on 
Target That Cas9 Recognizes

6. Guide RNA (gRNA) – Engineered Hybrid tracr + 
crRNAs (Combine 1 + 3)

1.

3.
4.

2.

1. Transcribe Precursor Crisper RNA,
Tracr RNA, & Cas9 Gene

2. Process  Crisper RNAs
RNA-RNA Duplexes

3. & 4. RNA-guided  Cleavage of Target DNA

4.

Target DNA

Guide RNA

Cas9 Nuclease

Guide RNA
+

Repeat RepeatRepeat
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The CRISPR-Cas Bacterial Immunity System

1. Phage Infects Bacteria
2. Spacer (Phage) DNA “Captured”
3. Spacer DNA Incorporated Into CRISPR Locus in 

Bacterial Genome
4. Spacer DNA Transcribed Into Guide RNA
5. Guide RNA Complexes With Cas Endonuclease 

Protein to Form Cleavage Complex
6. Cleavage Complex Recognizes Phage DNA With 

Complementary DNA Sequences in Subsequent 
Infection

7. Cas Endonuclease Digests Phage DNA and 
Infection Is Stopped
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Jennifer Doudna, Emmanuelle Charpentier, and Feng Zhang
CRISPR-Cas9 Editing (Molecular Typewriter)  

CRISPR Technology
Editing Human Cells

2012
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How To Use the CRISPR-Cas System
For Editing Specific Genes

1

2

3

Endogenous Bacteria Engineered Eukaryotes
Clone Cas9 and gRNAs (Specific Gene)

Transform Cells

Edit Target Sequence in Genome With
Specific Guide RNAs

1

2

3

Note:  Two Different Chimeric Genes & Engineering Somatic Cells
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Advantages of Gene Editing Over “Cohen-
Boyer” Transgenic Genetic Engineering

• Simple Method to Edit, Correct, or Modify 
Any Endogenous Gene

• Multiple Genes Can Be Corrected at Once
• Dominant Alleles Can Be Mutated & Turned 

Off

Disadvantages of Gene Editing Over “Cohen-
Boyer” Genetic Engineering

• Cannot Add Foreign Genes (e.g., GFP)
• Limited to Species-Specific Gene 

Corrections
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How Can Gene Editing Be Used in 
Genetic Engineering?

• Editing Crop Gene Genomes 
(e.g., drought resistance)

• Editing Farm Animals (e.g., 
pathogen resistance)

• Eliminating Mosquito Borne 
Diseases

• Correcting Human Genetic 
Defects – Gene Therapy

• Human Trait Enhancement 

• Editing Alters Endogenous
Genes Because Specific 
Targets Are Needed!

• Foreign Genes Are Not 
Added to the Genome!
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Using Genetic Engineering 
Animals to Fight Major 
Insect-Born Diseases

1.4 Million Deaths Per Year!!
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Using Genetic Engineering to Fight 
Mosquito-Transmitted Diseases

Add Female Lethal Gene
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Using Genetic Engineering to Fight 
Mosquito-Transmitted Diseases

19
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Using Gene Editing to Eliminate 
Mosquito-Transmitted Diseases

Specific Mosquito Genes Are Required For the Plasmodium 
Life Cycle If Mutated, Mosquitos Cannot Harbor the Malaria 

Parasite!!

21

Editing Specific Mosquito Genes Using the CRISPR-Cas9 
System Will Inhibit Infection With Plasmodium 

Parasites & Prevent Malaria!

Sequence Specific Changes in a Complex Genome!!!!

Editing Specific 
Mosquito Genes
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How To Use the CRISPR-Cas SystemFor
Editing Specific Genes

Engineered Mosquitos
Clone Cas9 and gRNAs (Specific Gene)

Edit Target Sequence in Genome With
Specific Guide RNAs

Note:  Two 
Different 

Chimeric Genes 
For Engineering 

Cells

Cas9 & Guide 
Genes

Will Separate 
From Each Other 

in Next 
Generation

Thus – Only Edit 
One Generation
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Genetic Engineering Mosquitos -“Gene Drive”
Spreading Resistance to Plasmodium
Throughout the Mosquito Population!

Mutate Plasmodium-Required Gene & Add Cas9 + Guide 
RNA Into One Locus of Mosquito Germ Cell Genome

Autocatalytic Gene Editing!! 

Add One 
Lethal Gene 

or Add 
CRISPR 

System on 
Two 

Different 
Plasmids

Add CRISPR 
System on 

One  Plasmid. 
Cas9 & Guide 

Genes Are 
Linked and 

Transmitted 
to Next 

Generation 
Together

& All Other 
Generations!!
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What Are Gene Drives?

25

Potential Gene Drive Applications
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Potential Gene Risks & Benefits

National Academy of Sciences - 2016

• Resistance
• Escape to Non-Target 

Organism
• Altering Ecological 

Balances
• Unforeseen 

Consequences in the 
Wild

• Eliminating Mosquito 
Borne Diseases & Saving 
Millions of Lives

• Reducing Ecological 
Impacts of Invasive 
Species

• Preventing Lyme Disease 
By Eliminating Animal 
Vectors
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Recommendations For Using Gene Drive Systems

• More Research Needs To Be Performed Before Gene Drive
Modified Organisms Are Released Into The Environment

• Phased Testing of Gene Drive Modified Organisms From
Laboratory to the Field Should Be Carried Out Under the
Relevant Regulatory Oversight

• Robust Ecological Assessment Needs to be Carried Out
Before Each Gene Drive Test Should Be Approved

• Public Engagement Must Be Built Into the Risk Assessment,
and Policies Should Be Developed For How Public Engagement
Will Factor Into Research sand Policy Decisions

• Current Regulatory Framework For Assessing Risks and
Potential Environmental Impacts of Releasing Gene Drive
Modified Organisms Are Inadequate. Regulations Does Not
Fit Within Purview of USDA, EPA, or FDA

• There Are Regulatory Concerns About Biosafety,

• Biosecurity, and Potential for Misuse For Harmful Purposes

Gene Drives on the Horizon – National Academy of Sciences - 2016
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Other Uses Of CRISPR-Cas9 Editing

29

Removing Viral Sequences and Genes That Cause Human Tissue 
Rejection From Pig Genomes To Facilitate 

Human Pig Organ Transplants

30
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Using CRISPR-Cas9 Editing For Crop Improvement

31

Using Gene Editing to Improve Crop Plants

32
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CRISPR-Edited Crops Have Non-regulated 
Status in US!!!!

33

Germline Gene Therapy + Gene Enhancement

Using CRISPR-Cas9 Editing For Correcting Human 
Genetic Disorders

Somatic Cell  Gene Therapy
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Genetic Engineering is the TECHNIQUE!
That Generates GMOs

Breeding or DNA Manipulation – They Are the
SAME

& 
Called Gene Engineering

So…….WHAT IS A GMO??

1. Classical Breeding By Selective Mating 
(Thousands of Years)

2. Insertion of a New Gene Into An 
Organism’s Chromosomes (50 Years) –
Transgenic Organism

3. Editing Existing Genes Like A “Word 
Program” (5 Years) – CRISPR Gene Editing

4. DNA Synthesis – Synthetic Genomes 
(5 Years) 

35
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37

A 21st Century Noah’s Ark!
DNA Synthesis & CRISPR

Ethical Issues?
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