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How Are Genes Cloned & Engineered? 
The Insulin and Factor XIII Stories
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THEMES

1. How Did the Supreme Court Indirectly Give Rise to the 
Biotechnology Industry?

2. What Strategies Were Developed For Cloning Insulin mRNA 
and Expressing Insulin in Bacterial Cells?  What Strategy 
“Won” Out?

3. What is Hemophilia and How is it Inherited?
4. How Can a Disease Gene Be Found When It is Not Known 

Where the Gene is Expressed?
5. What Vectors Can Be Used For Cloning DNA?
6. What is the Advantage of Using a Virus Vector For 

Constructing Genome Libraries?
7. How To Make a Library of the Human Genome?
8. How Find a Gene With Only a Knowledge of the Protein 

Sequence?
9. How Use DNA Testing to Detect Factor VIII Disease 

Alleles?
10. How Isolate a Factor VIII cDNA Clone?
11. Genomic vs. cDNA Libraries
12. How Produce Factor VIII Protein For Use as a Drug
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Drugs Manufactured Using Genetic Engineering
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Founded in 1976 By Robert Swanson and Herb Boyer
First IPO in 1980 for $88/share

Purchased by Hoffmann-La Roche in 2009 for $47B

The Origins of the Biotech Industry 
Started in the Supreme Court
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Insulin – The First Biotech Drug
Charles Banting Frederick Best

• Discovered in 1921
• Commercial Production By Eli Lilly in 1923
• Nobel Prize 1923• Sequenced By Fred 

Sanger 1951-1953
• Nobel Prize in 1958
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How Does Insulin Control Sugar Levels?
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Reasons For Insulin Being the First Biotech Drug

• Diabetes a Major Disease Responsible For Millions 
of Deaths

• Physiological Basis of the Disease Known
• Site and Mechanism of Insulin Synthesis and 

Secretion Within the Pancreas Known
• Insulin Was Purified and Amino Acid Sequence 

Known
• Small Protein Consisting of 51 Amino Acids
• Insulin Protein Structure Understood 110 amino 

acids Total - A Chain 21 Amino Acids and B Chain 
30 Amino Acids)

• Predicted Small Size of mRNA (~390 nts) and Gene
• Insulin Made in Large Quantities in the Pancreas
• Techniques For Cloning mRNA Using Reverse 

Transcriptase Or Direct DNA Synthesis Known
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Two Strategies For Isolating the Insulin “Gene”
And Engineering E. coli Cells to Produce Human Insulin

Purify 
Insulin 
mRNA 
From 

Pancreas 

Synthesize & Clone cDNA

Use cDNA/mRNA Sequence

Direct 
Synthesis and 
Cloning of A 

Chain & B 
Chain mRNAs 
Separately
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The Race For the Insulin Gene
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The Winning Strategy Used For 
Synthesizing Human Insulin in E. coli Cells

$30B per Year Market!

Each Chain Made Directly in Separate E. coli Cells
Combined After Synthesis to Make Recombinant Insulin

Note:  E. coli cannot process a Pre-Insulin Protein 
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Need FDA Approval Before Recombinant DNA Drug Can Be 
Marketed and  Used to Treat Patients

Insulin Was the First Recombinant DNA Drug and Got 
FDA Approval in 1982 - ~10 Years After Cohen and 

Boyer’s Experiments
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$7.4B in 2019

The Factor VIII Story is Different and 
More Complex Than the Insulin Story
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Genesis 17:10-14

Abraham was circumcised at 93 and gave birth to 
Isaac at 99.  His wife - Sarah - was 90!

First Reference to Hemophilia is in the Old Testament

Hemophilia Has Been Known As An 
Inherited Disease For >2500 Years! 
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Protein Factors in Blood  Lead To Clotting

Eight 
Proteins/Genes 

Required:
1. Factor VII
2. Factor XI
3. Factor IX
4. Factor VIII
5. Factor X
6. Protein C
7. Prothrombin
8. Fibrinogen

What Happens If Any of 
These Proteins, or Genes, 

are Mutated?
Ü

No Blood Clot!

Post-translational 
Modification

Inactive Active

Hemophilia A
Hemophilia B

14



8

Hemophiliacs Have Mutations in Factor VIII, 
Factor IX, or Factor XI Genes

Hemophilia A Defective Factor VIII Gene 1/10,000 males 80%
Hemophilia B Defective Factor IX Gene 1/30,000 males 20%
Hemophilia C Defective Factor XI Gene Autosomal <1%

Both Factor VIII & IX Genes 
on X-Chromosome   (♀Ú♂’s)

18,000 People in US Have Hemophilia & 400 Babies/Year Are Born With Disorder
Prior to 1960s – Average Life Span Was 11 Years
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Factor VIII and Factor IX Genes are Closely 
Linked on the X Chromosome

The X chromosome has ~1098 Genes and 150,000,000 bp (150 Mb). 
168 Mendelian Diseases Explained by 113 X-Linked Genes

Factor IX
Factor VIII

Nature, March, 2005

Size & Bands = Specific Chromosome
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Hemophilia A and B Genes Are Sex Linked & 
Recessive Traits

1. Males Obtain Detective Gene From Mothers

2. 50% of Sons Of A Maternal Carrier Have The Defective Gene

Note:

Original Mutation in Carrier
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What Was Known About Factor VIII 
Before Gene Cloned?

• Blood Protein (But Perhaps Synthesized Elsewhere!)

• Not Known Where Site of Synthesis Was

• Could Be Purified In Small Amounts From >20 Liters Of 
Human Blood + Cow Blood + Pig Blood

• Short Stretch Of Protein Sequenced = Known Protein 
Sequence!

• Hemophilia A Could Be Treated By Blood Transfusions
From Normal Individuals, \ Clotting Factor In Blood

• 1980s Aids Epidemic Caused Many Hemophiliacs To Get 
HIV/AIDs (~50% Of Hemophiliacs Got Aids In 1985) 

• \ How To Go From Protein To Gene
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The Problem!! 
For Factor VIII- Not Known Where Gene Was 

Expressed \ Must Use Genome Library

Key:
Protein 

Sequence 
Known

Early 1980’s

1.
2.

3.

4.
5.
6.

Key Concept
ä

How Clone A Gene When 
You Don’t Know  Where it 

is Expressed ???

Different Than Insulin
Knew Where Protein Made!

mRNA DrugHow Find Gene & cDNA?
Protein ® Gene ® mRNA ® Drug !
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How to Construct a Human Genome 
Library to Find the Factor VIII Gene? 

If It is Not Known Where Gene is Active 
Can “Look” to Genome Instead of mRNA to 

Find + Clone Gene! 

Step One
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Genomic Libraries vs. cDNA Libraries

21

Vectors Used in Genetic Engineering Have 
Similar Conceptual Properties 

But are Used in Different Situations 

Properties of All Vectors
1. Replicate
2. Selectable
3. Can Be Used To Insert Foreign Genes/Restriction Sites
4. Easily Isolated + Transferred Back To Cells
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Plasmid vs. Bacteriophage Vectors
for Cloning DNA Fragments 

“Natural”
Infection Process

“Artificial” Transformation
Process – Not Efficient

• Much More Efficient
• Can Use Less DNA 
• Get Lots More Clones
• Need Lots of Clones 

For Large Genome

Advantages
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First Genome Sequence

Structure of the l Phage and Its Genome 
Not Needed

49 kb

Sanger et al. 1982 J. Mol. Biol. 162: 
729-773.

Can Be 
Assembled 
From Parts

In Vitro
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l Phage Infects E.coli & Destroys (Lyses) Cells
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Lysed Cells Can Be Seen as Clear
Plaques on Agar Plates 

2. Selectable Marker is 
Bacterial Cell Destruction & 

Plaque Formation

1. Each Plaque is a Virus 
Clone Representing One 

Viral Infection!

Plaque

Clear Plaque
Virus Particles

+ Dead Bacteria Cells
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Advantages of l Virus as a
Vector for Cloning DNA

1. Long DNA Segments Can Be Cloned (~20kb) Need Fewer 
Clones For Whole Genome!

2. Can Clone DNA Segments In Viral Genome & Self-Assemble 
With Viral Proteins Into Virus In A Test Tube!

\ Make Recombinant Viruses In The Lab!

3. Use “Natural” Infection Process To Generate Large Number 
Of Clones For A Eukaryotic Genome Library.

Much Higher Efficiency For Getting Recombinant DNA 
®Bacterial Cells Compared With Dna Transformation. 

\ Set More Clones Per Amount Of Recombinant DNA!
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Using a Bacterial Virus To Clone the 
Human Genome

One Clone per Plaque

Mixture of Plaques = 
Library With All Human 
DNA Sequences 
Represented

Anneal Phage “Arms” to Digested “Foreign” DNA

Use E. coli Strain That as Been
Mutated to Prevent Restriction Enzymes

From Working
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Cloning the Human Genome and Screening 
for the Factor VIII Gene 

Why Partial Digestion? An Important Concept!
What is Complete & Partial Digestion? 

Need 200,000 Phage with 15 kb inserts for 
Complete Human DNA Library 
(3x109/1.5x104 = 2x105)

Note Overlapping 
Fragments

Human DNA Why?

What’s the probability of having any sequence in this library?

Restriction Cleavage Site
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Partial Digestion Permits “Walking” From One 
DNA Region to the Next

Clone 1

Clone 2
Clone 3
Clone 4
Clone 5
Clone 6

Iterative Process of Screening & Rescreening Human Genome Library

Breaks Genes Into
Short DNA Fragments

Keeps Genes Intact on
Long DNA Fragments
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Constructing a Human Genome Library by  Partial Digestion 
Creates a Set of Overlapping DNA Fragments/ Clones 

Notice: Each Fragment Overlaps!

Partial Sau3A 
Random Set If 
Overlapping DNAs \ Can Go From One to Next to Next!

“Walking”

Genes Connected to Each
Other in Long Linear DNA Molecules

How Find Genes Contiguous to Each Other
in Cells?
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How Find the Factor VIII 
Gene in a Human 
Genome Library? 

Step Two
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The Genetic Code

Properties
• Universal
• Three Nucleotides
• Punctuation
• Degenerate

Start
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Factor VIII Protein ® Gene

How many Combinations of Synthetic Probes? 

2x3x2x1x2x2x2=96

Using the Factor VIII Protein Sequence and Genetic Code as a 
Guide to Synthesize a Factor VIII Probe

Sequence 
Purified 
Protein

1. Use 
Genetic 
Code

2. Make Several 
Probes All Codon 
Combinations!

3. One Will Be 
Correct Probe

34
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Finding The Factor VIII Gene Or Part of Gene!!

Human Genome 
Library Clones

Master 
Plate

Purify Factor 
VIII Genomic 
Clone

Sequence To See If it 
Matches Probe/Protein

Probes

The 
Actual 
Results

Plaque 
Hybridization
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The Result-The Factor VIII Gene is Huge- 186,000 bp- The Probe 
Identified a Clone Containing Only One Part of Gene !!!   Why?

How Find Clones with Rest of Gene? Key Question !

Remember - the Library Contains Overlapping DNA Clones \ Can  
Use One Part of First Clone to Re-Screen Library &
“Walk” to Other Gene Regions - Using Restriction Maps &
Sequencing (Compare With Protein Sequence) as Guides!

Sequence ----------> GenBank

Clone Identified 
with Probe

Overlapping Clones/DNAs

Doesn’t Contain Entire Gene!
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Finding the Entire Factor VIII Gene? 
Walking & Sequencing 

Walking Up and Down Genes and Chromosomes 

How know Find Complete Factor VIII Gene?Key 
Concepts

Compare Protein & DNA Sequences

Basis of Genome Projects & Whole Genome Sequencing

Step Three

Iterative Library
Screening Process

Find Overlapping 
Clones By 

Restriction Site 
Mapping
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The Factor VIII Gene Was Found To Be 
Very Large

• 186,000 Nucleotides in Length (Won’t 
Fit in One Phage Clone)

• 25 Introns

• 9,000 Nucleotide Coding Sequence  
(cDNA)

• 2,351 Amino Acids in Protein
Factor VIII Gene

X Chromosome
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Factor VIII SNP Mutations Occur Throughout the Gene

Need To Screen Across the Gene for Markers -- Family Specific

[Haemophilia 11, 481-491 (2005)] Larger the Gene – Larger Number of Mutations!

39

Factor VIII Gene Probes/ Sequence Can 
Be Used to Characterize Mutant Genes 

& Do DNA Testing for Carriers 

Use DNA Gel Blots (or PCR) & Factor VIII 
Probes to Investigate Presence of 

Mutant Alleles in Families (carriers)

Mutations Arise 
Independently in 

Families

Human DNA From 
Different Individuals

Genomic or cDNA
Clone Probe

Mutant Loss of a TaqI
Site in Factor VIII Gene

M   N  N  N   N   N 

Hemophilia Relatives

Complete

Mutations in Factor Gene

Point Mutation
Once Gene & cDNA Identified!

SNP

RFLP
Restriction Fragment
Length Polymorphism

DNA Blot
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How Find Factor VIII mRNA to 
Generate a cDNA for Protein 

Production in Host Cells? 

Recall: Eukaryotic Genes Provide Obstacles
for Efficient Protein Production in 
Genetically Engineered Cells!  

Introns!  Switches!

Step Four 
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Making the Drug 

Need cDNA  Not Gene

Factor VIII Gene Can Be Used to Find Out Where It is Active Using RNA Blots

RNA Blot Is Like a 
DNA Blot Except 

That RNA is on Gel 
& Blotted

Can Also Use 
PCR (RT-PCR)

Factor VIII 
Gene Is Highly 
Active in Liver!
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Using Factor VIII Gene Probe to Identify Factor 
VIII cDNA clone

Factor VIII cDNA �
Used to Make Drug!

Not Gene!!

Factor VIII
Liver mRNA 

Construct Liver cDNA Library 

Screen Liver cDNA Library 
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Purify Factor VIII 
Protein!

Factor VIII 
cDNA

Why Mammalian Cells?

Engineer Factor VIII cDNA to Produce Protein in Host 
Cell & Synthesize Factor VIII in Mammalian Cells
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Recombinant Factor VIII 

Factor VIII Gene Cloned In 1983 

Factor VIII (Recombinant) Approved As Drug In 1993! Ten Years 
From Gene ® Drug! (Off Patent In 2011)

Prophylactic 
Treatment

Costs $300,000/Year!
Most Hemophiliacs 

Use “On Demand” or 
As Needed
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Using Factor VIII to Treat Hemophilia 

Formation of a Blood Clot

A Triumph of Genetic Engineering
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The Future: Gene Therapy – A Permanent “Cure”

December 12, 2011

Factor IX

Factor IX – Hemoglobin B
FDA-Approved Clinical Trial

2016
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1. Make Genome Library 
Because Factor VIII 
Gene in Genome!

2. Purify Protein from 
Blood- that’s where it 
works (wasn’t known 
where made)

3. Reverse Translate using 
the genetic code a 
portion of the protein 
sequence

4. Synthesize a DNA probe 
complementary to Factor 
VIII gene corresponding 
to protein sequence

5. Screen Genome Library
Entire Gene on The Clone?

1. Use Gene probe to 
screen cDNA library 
for Factor VIII 
cDNA clone

2. How know what 
mRNA to use to 
make cDNA library?

3. Use gene probe to 
probe RNA blots 
containing mRNA 
from all major 
organs (liver, kidney, 
blood, etc.)

4. Find Factor VIII 
mRNA in liver- male, 
liver- secrete into 
blood

Why Need cDNA? 
Story continued

Summary of Steps Required to Clone Factor VIII 
Gene and cDNA 

Want cDNA to Manufacture Factor VIII as 
a Drug to Treat Hemophilia A!

Genomic 
Clone 
Probe

Library

Gene cDNA
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The Factor VIII Story - A Summary

1. Purify Small Amounts of Factor VIII
2. Obtain Partial or Complete Amino Acid Sequence
3. Use the Genetic Code to Synthesize Degenerate DNA Probes
4. Isolate Factor VIII DNA Clones Complementary to Probe in Genome 

Library
5. Determine if Factor VIII Clones Contain the Complete Gene By 

Sequencing and Comparing With Protein Sequence
6. If Not, “Walk” to Obtain Overlapping DNA Clones That Collectively 

Contain the Factor VIII Gene
7. Sequence Clones To Determine Where the Factor VIII Gene Starts and 

Stops
8. Use Factor VIII Genome Probe to Find Out What Body Organ/Tissue 

Expresses the Factor VIII Gene
9. Make a cDNA Library From the Target Organ/Tissue and Isolate a 

Factor VIII cDNA Clone 
10. Sequence the Factor VIII cDNA Clone and Compare With Factor VIII 

Gene Sequence to Map its Anatomy (I.e., introns, exons, swtiches) and 
Ensure That it Contains the Complete Protein Coding Sequence

11. Use Factor VIII cDNA and/or Genome Fragments as a Probe to Find 
RFLP Markers For Disease Alleles -- Or Sequence Disease Alleles to Find 
Relevant RFLP Markers By Comparison With Wild-Type Sequence

12. Insert Factor VIII cDNA Into an Expression Vector and Synthesize 
Factor VIII Protein in Host Cells (e.g., Mammalian Cells)
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