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Themes 



Human Cells Have Two Genomes  



………One in the Nucleus and One in the Mitochondria 

Do Nuclear & Mitochondrial 
Genes Have Different 
Inheritance Patterns? 



The Nuclear and Mitochondrial Genomes Differ  
in Size & Shape 

Nuclear Mitochondrial 
3.2 Mb 
25,000 Genes 
24 Linear Pieces 

17 kb 
30 Genes 
 1 Circle – 5 per Mt  
 



Semi-Autonomous 
Genome 

DNA  

Divides 
Transcription 
Translation 

Mitochondrial               
Proteins 

Mitochondria Power Human Cells and 
Contain a Circular Genome 

Makes ATP 
Energy 
That 

Powers All 
Cells! 

Each Cell Has 
Many 

Mitochondria 
Blood Cells: 0 

Liver Cells: 2000 
Egg Cell: 50,000 



Mitochondrial DNA Diseases 
Defects in Energy Production (ATP) 

Affect 1/4000 People 



The Circular Mitochondrial Genome is  
Inherited Maternally 

Disease Genes 
Present on the 
Mitochondrial 

Genome 
 

Many Affect Muscles 
Because Mitochondria 

Produce Energy Needed 
For Muscle Activity 

Note: 
Passed on From 
Mother to All 

Children 

Provide a 
Hypothesis 
For the 
Variation 
in Disease 
Symptoms 

One in Five 
People Have 
Mutations in 

One 
Mitochondrial 
Genome But 
They Do Not 
Have Disease 
Symptoms. 

Why? 



Nature 461, September 17, 2009 

Mito and Tracker 

Can Gene Therapy Be Used to “Cure” Mitochondrial Gene Defects? 

Egg Nucleus 



Mitochondrial Pronuclear Replacement Therapy 

Normal Mitochondria 

Mutant Mitochondria 

Note: The Zygote Contains THREE Genomes --  
One from Mother, One From Father, and One From Donor Mitochondria 

1 

2 

3 

Fertilize First –Then Remove Pronuclei 



Egg Spindle Replacement Therapy 
An Alternative Approach 

Fertilize 
Last 



Two Methods 
of 

Mitochondrial 
Replacement 

Therapy 

Zygote 
Destroyed 

Egg 
Destroyed 

1 2 



Using 
Human Eggs 

and 
Embryos 

Nature, October, 2012 

Spindle 
Transfer  

Pilot Study 
Only 



•  How to Test Whether It Works? 
•  Testing on Live Human Embryos 
•  When To Test Its Effectiveness 
•  Safety & Long-Term Potential Problems  
•  Nuclear-Mitochondrial Genome Incompatibility? 
•  Approved Research Protocols 
•  IRB (Institutional Review Board) Oversight 
•  Informed Consent of Parents 

British Medical Journal, January 8, 2011,342, 87-89  



July, 2013 



July, 2013 



July, 2013 

What About The United States? 



July, 2013 

What About The United States? 
Recommendations to the FDA 

Board on Health Sciences Policy 



July, 2013 

NRC Report Summary - Science, February 3, 2016 

It is Ethically Permissible to Initiate Clinical 
Investigations of Mt Replacement Therapy in 
Humans So Long as Significant Conditions and 

Restrictions Are in Place   

1.  Initial Restriction to Transfer to Male Embryos 
2.  No Transfer to Females Until Robust Evidence is 

Obtained of the Safety & Efficacy of Technique By 
Following Children Long Term 

3.  Public Discussion Should Be Held to Determine If Ever 
Female Transfer Should Be Permitted as This Results in a 
Heritable Genetic Modification 

4.  Limit Clinical Investigations to Women Who Are At Risk 
of Transmitting a Serious Mt Disease 

5.  Primary Concern in Assessing the Benefits & Risks in 
Clinical Investigation is Minimizaiton of Risk of Harm to 
the Resulting Child 



Road Blocks 

Dickey-Wiker Amendment-1995 

Federal Funds Cannot Be Used To: 
 
•  Create Human Embryos For Research Purposes 
•  Fund Research in Which a Human Embryo Will Be 

Destroyed, Discarded, or Knowingly Subjected to 
Risk or Injury of Death  

2016 Congressional Budget 
 
•  FDA Cannot Spend Any Money to Review 

Applications For Clinical Trials That Involve Human 
Embryos With Heritable Genetic Modifications (But…
Male Mt Replacement Not Inherited & Egg Spindle Transfer Doesn’t Destroy Embryo) 



July, 2013 

Science 348,178-180, April 10, 2015 

Country-Specific Approaches to Mitochondrial Replacement Therapy 

•  Focus Specifically on Human Fertility & Reproductive Matters 
•  Legal in Great Britain to Conduct Research on Human Embryos up to Day 14 
•  Views MRT as an Extension of Existing and Familiar Technologies (e.g., IVF) 
•  National Values - No “Moral” Objections to Working on Human Embryos 
•  Extensive Public Consultation  

•  Focus on All Therapeutics – View MRT as a “drug or biological product” 
•  National Values - “Moral” Objections to Working on Human Embryos 
•  Human Embryo Research Controversial and Funding Constrained (no funding for 

creation of human embryo for research or where human embryo destroyed – Dickey-Wicker Amendment) 
•  Embryo Research) 
•  Tangled in Political and Religious Debate Over Abortion, Rights of Embryos, & 

When Life Begins 
•  Minimal Public Consultation 



Tracing Human Populations Using Mitochondrial  
DNA Polymorphisms (SNPs) - Back to Eve! 



When Did Adam & Eve Live? According to the Book of 
Genesis ~ 6,000 Years Ago!! 

Born 4301 BC and Died 3371 BC  



Mitochondrial DNA SNPs in Human Populations 

TA to GC SNP 
@ NT 45 

Becomes a MARKER! 



RFLPs and SNPs Can Be Used to Identify Individuals 
and Ancestors Using Mitochondrial DNA 

Note How Mitochondrial RFLP Markers Are Inherited !! 

100% of 
Children 

Have 8.6 kb 
DNA Fragment 
From Mother 



How Trace Ancestry Using 
Mitochondrial DNA SNPs? 



How Trace Ancestry Using Mitochondrial DNA SNPs 
Oldest Populations Contain the Most Diversity 

Oldest 
Population 

Newest 
Population 

Time 

Lots of 
“Old” 

Variants 

Subset 
of 

“Old” 
Variants 

+ 
New 

Variants  

Detected By Using 
Specific Markers  
(RFLPs or SNPS) 

Old Variants Trace Ancient 
Lineage.  New Variants Mark 
New Populations SPECIFICALLY 



Most Genetic Diversity Originated in the 
Founder Populations to Modern Humans! 

1. Most Variation 

2. Migration 
of Subset  

of Population 

3. Subset of  
Original Variability + 

New Mutations/Variability 

Genetic Variation  
Proportional to Population Age 

Younger Populations 
Less Genetic Variability 

Markers From Original Population +  
New Markers For “New” Population 



Tracing Human Populations Using Mitochondrial  
DNA Polymorphisms (SNPs) - Back to Eve! 

Eve Lived 
~200,000 
Years Ago!! 



When Did Adam Live? 
Tracing Human Populations Using Y DNA Polymorphisms 

Adam Also Lived 
~200,000 
Years Ago! 



The Nuclear Genome 

Note:  Gene is Inherited in a Mendelian Pattern 

Dominant 
or Recessive? 



The Nucleus Is A Complex Organelle With 
23 Pairs of Chromosomes (Humans) 

Packing Problem? 

The Human Genome End to End is 
1.1 Meters in Length!!!!!! 

Note: Chromosome Sizes & Bands = Markers 

RNA & Protein 
Transport  



The Human Genome Was Sequenced Fifteen Years Ago! 
The Human Genome Project 

Public & Private Effort Using Different Strategies - A Race! 

3 Billion Dollars & Took 15 Years 



The Human Genome 

Large 

Small 



The Human Genome Landscape 

Tandem Repeats or VNTRs are Useful for DNA Fingerprinting Studies! 
e.g., DIS80 Locus For Class DNA Fingerprint on 

Chromosome 4      Core = 16bp 

Tandem Repeats (VNTR) 

Transposons 

Mendelian Gene 
1 

2 



Only A Small Fraction of the 
Human Genome Encodes Proteins 

Human Genes are Large but Contain Mostly Introns 

The Human Genome Has DNA Sequences Present Once 
As Well as Repeated Many Times 



The Human Genome Contains 
~25,000 Different Genes 

How Many Encoded Proteins?  Alternative Splicing? 

Do Not Know 
Functions of 
Most Human 

Genes! 

Use Bioinformatics To 
Identify Gene Functions 



RNA Splicing- Removing Non-Coding 
Sequences From Primary Transcripts & 

Generating Functional mRNAs 

Mutations→ Blood Disorders  
Where can these occur? 

Implications For Engineering Eukaryotic Gene in Bacterial Cell For Expression? 

Mutations Can Occur in Coding Region, Switch, & RNA Splice Sites 

Globin Gene 
Switch 

1600bp 

Mutant Phenotype 



Alternative Splicing- One Gene 
          Several mRNAs & Proteins  

Implication- Human Genome Has Only 25,000 Genes But Can Give Rise to Many 
More Proteins which Are Responsible For Producing the Phenotype 

95% of Human Mutiexonic Genes Are Alternatively Spliced 

Reason Why Human Genome Can Contain Same Number of Genes as  
Fly and Plant Genomes!! 

Implications for Genetic Engineering? Use Specific cDNA! 

Gene Activity in Varity of Cells, But…..!!! 

5 Different mRNAs! 
Different mRNA = Different Proteins = Different Functions! 



Mutations in Splicing Sequences Can Cause 
Human Diseases 



How Many Human Disease Genes Have Been Identified? 

There are ~25,000 Genes in The Human Genome 
 
1.  ~4653 Genes Correlate With a Disease Phenotype (832 on X & 

53 on Y) 
2.  The Molecular Basis of These Genetic Diseases Are Known 

(e.g., Sickle Cell Anemia, Hemophilia A) 
3.  ~1635 Disease Genes – Molecular Basis Unknown 

OMIM 2/15/16 http://omim.org/statistics/entry 



A Genetically Engineered Person 
With a Gene That They Weren’t 
Born With That “Cures” a Lethal 

Genetic Disease? 

A Genetically Engineered Baby 
With a Gene That They Weren’t 
Born With That “Cures” a Lethal 

Genetic Disease? 

A Human Embryo With a 
Defective Blood Disease Gene 

That Was “Edited” and 
Engineered to Be Normal? 

What’s a GMO? Using Genetic 
Engineering to Cure Genetic Diseases 



There Have Been Several Major 
Revolutions in Genetic Engineering 

•  1970s - Genetic Engineering Origins 
•  1980s – PCR Invented 
•  1990s – Gene Therapy For Genetic 

Diseases 
•  2000s – Genomics Revolution, Sequencing of 

the Human Genome 
•  2000s - Ancient DNA & Human Origins 
•  2015 – Genome Editing Using CRISPR 



Gene Editing Makes Possible To 
Correct Any Genetic Defect in 
Human Zygotes After Conception 



National Academy of Sciences 
December 1-3, 2015 

The CRISPR-CAS9 Bacterial Defense System 



National Academy of Sciences 
December 1-3, 2015 

Another Bacterial Defense System That is 
Important For Genetic Engineering 



National Academy of Sciences 
December 1-3, 2015 

Using CRISPR-CAS9 For Genetic Engineering 



National Academy of Sciences 
December 1-3, 2015 



Gene Editing Summit Recommendations 

•  Basic & Preclinical Research is Needed & Should 
Proceed. If in the Process Germline Cells or Early 
Embryos Are Edited, They Should Not Be Used To 
Establish Pregnancy 

•  Clinical Use – Somatic – Gene Editing of Somatic 
Cells Can Proceed Under Existing Regulations & 
Guidelines (e.g., Blood cells, Cancer Cells) 

•  Clinical Use – Germline – At Present the Safety 
Issues and Societal Consensus on Permanently Editing 
the Human Genome Have Not Been Resolved For Any 
Clinical Use.  However, If They Are Resolved in The 
Future, This Issue Should Be Revisited. But the 
Most Compelling Cases For Germline Editing Are 
Limited.  

•  There is a Need For Ongoing International Forum & 
Consensus – Affects All of Humanity  

http://www8.nationalacademies.org/onpinews/newsitem.aspx?RecordID=12032015a 



Using Ancient DNA to 
Unravel Our Human 

Heritage 



From a 45,000 Year-Old Bone 

Science, May 7, 2010 (328, 710-722) 

Wilma 
Female 
Red Hair 
Pale Skin 
Freckles 

How Know What Wilma Looked Like? 



DNA Sequences From Humans Can Be 
Used To Specify Eye Color….. 

To Construct Phenotypes of 
Neanderthals & Other Ancient 

Relatives 

…..As Well As Gender 
& Other Traits 



Wilma 
Female 
Red Hair 
Pale Skin 
Freckles 

How Know What Wilma Looked Like? 

130,000 Year-Old Neanderthal 

Nature, January 2, 2014 (505, 43-49) 



Science, October 12, 2012 (338,222-226) 

COMPLETE DNA 
Sequence From 

40,000 Year Old 
Fossil DNA With 

Accuracy of 
Sequencing Our Own 

Genome!! 

Had 23 Chromosomes 
Like “Us” and Split 
From Human Line 
Between 150k and 
700k Years Ago 



Creating 
a Map 

of 
Human 
History! 



Nature, January 29, 2014 

September, 2011 

Comparing 
130,000 Year-

Old 
Fossil Genomes 
to Our Genome 
Reveals Ancient 

“Matings” 
Between 

Diffferent 
Human Ancestor 

Lineages!! 

It’s All in the DNA! 

2-4% of 
Human 
Genome 

Consists of 
Neanderthal 
Sequences! 



Nature, January 29, 2014 



Scientific American Library 
1982 ISBN 07167-14698 



Using DNA Variations (SNPs) Between 
Individuals (Living & Dead) Has Many Uses 

1.  Marking and Identifying Disease Genes 
2.  Paternity, Individual Identification, Forensics 
3.  Human Population History and Origins 
4.  Identifying Neanderthal Alleles in Modern 

Human Populations 



The 1,000 Genomes Project Will Provide Novel Insight 
in Human Genomes, Ancestry, & Disease Genes & Is 

Now the 100,000 Genome Project!!! 

2007-present 



Nature, October 28, 2010 

•  Sequenced Genomes of ~900 individuals 
•  From Seven Different Global Populations 
•  Identified 15,000,000 SNPs 
•  50-100 Variants in Disease Genes Per Person 
•  10-8 Mutations Per bp Per Generation (~30 per Genome) 
•  3,000,000 Unique SNPs Per Person 
•  750,000 Unique Indels Per Person 



Nature, October 28, 2010 

Nature, October, 2015 



HC70A/SAS70A Class Allelic Variation 
(Note Heterozygousity) 

Note: the 
Class Allelic 
Diversity at 
the D1S80 
Locus on 

Chromosome 
One!  

UC Davis 

UCLA 

UC Davis 
Same Locus? 
Same DNA 
Sequence? 

Same Alleles? 



This is What Makes Us 
Unique Individuals! 

Most DNA Variations Between Individuals Occur Because of 
Base-Pair Changes in Non-Coding Regions of the Genome 

To Be on the safe side, suppose you assume that only 80% 
(0.8) of the 3 billion base pairs in the genome are noncoding, 
and on average only 1 base pair in 700 is polymorphic. With 
these assumptions, you can determine the frequency of 
polymorphism within a single individual by multiplying 3 
billion by 0.8 and then multiplying that amount by 1/700: 

(3x109) x 0.8 = 2.4 x 109, (2.4 x 109) x 1/700 = 3.4 million. 

The result of 3.4 million is astonishing: It means that there 
are millions of differences between any two haploid sets of 
human chromosomes. Combined with differences in coding 
and regulatory sequences (which occur much less 
frequently), the millions of polymorphisms at anonymous 
loci contribute to an enormous pool of potential DNA 
markers.  

There is ~1bp Change per 
700bp in Human Genomes or 
~3.4 Million bp Differences 
Between Individuals ~0.1% 

of Genome 

SNPs or Single 
Nucleotide 

Polymorphisms 

Types of DNA Polymorphisms 



Comparison of Watson’s and Ventner’s Genomes 
Indicates That Individuals Have Unique SNPs! 

YH= Anonymous Chinese Man 

These Are 
Alleles! 



Everyone Has a Large Number of Unique SNPs! 

Used to 
Trace 

Ancestry & 
Individuality 



Nuclear DNA SNPS Can Be Used To Trace 
Human Populations & Origins 

(Concept Same as For Mt DNA) 

Adam & Eve 



All of Humanity is 
Related & Has the 

SAME Origin! 

We Originated 
in Africa 

Because Most 
Genetic 
Diversity 

In African 
Populations 



Finally…Human Genome Diversity & 
The Concept of “Race” 



There is More Genetic (Allelic) Diversity Within Populations 
than Between Populations!! So Much for the  

Concept of Racial “Purity”!!!! 

1. 85% of Human Genetic Variations Occurs Within Populations & Between 
Individuals in that Populations! 

2. Remaining 15% of Human Genetic Variation Split Between Different 
Populations of Same “race” (8%) & Between Different “races” (6%) 

3. Only 6% of Human Genetic Variation are to Differences between races!!! Mostly 
Geographic.  Note:  THERE ARE GROUP DIFFERENCES!  Most likely as a result 
of geographical isolation and adaptive significance in that population.     

More Genetic 
Diversity Within Any 

Population Than 
Between Polulations 



Within Population Differences Account For 
95% of Human Genetic Variation 

But - There Are Differences! But…They Fall Into Geographical 
Groups -- Groups Divided Originally by Geographic 
Barriers (Ocean, Desert, Mountains). The 5% Difference 
Allows Us to Mark and Trace Ancestry! 



Conclusions 

1.  If 85% of Human Genetic Variation Occurs Between Different People Within 
Any Given Population (localized)  

2.  If only 7% of Human Genetic Variation Occurs Between “Races” (novel alleles 
specific to “races”)  

3.  Then Losing all “Races” Except One Retains 93% of all Human Genetic 
Variation!  

   [85% + (15%-7%) ]= 93% 

4.  ∴ Humans Are Highly Heterozygous or Hybrids- & 
If Above Not True- Most of Us Would Not Be 

Here- Need Genetic Variation to Survive! 

85% Within Population genetic variability 

8% Between Populations of Same “Race” 

7% Between “Race” Genetic Variability 

Variation That 
Occurs in 
Ancestral 
Population 



So What is a “Race”? 
1.  Primarily a sociological concept- but could be a 

localized or “inbred population” that has a higher 
frequency of alleles at a very small number of loci. 
Affects few physical features. 

2.  High frequency alleles in one “race” are present at 
lower frequencies in other “races”. All humans have 
same genes- differ in form mostly within populations! 

3.  Heterozygosity (variation) high in human populations- 
all populations. None homozygous at all loci! 

4.  No such thing as a “pure” race - would have little 
variation 

5.  Genes affecting physical features not representation 
of genes across genome —  “selected” traits with 
adaptive significance (e.g., vitamin D synthesis, 
sexual selection, pathogen susceptibility, etc. 

Geographical Ancestry is relevant-many “racial” 
groups now have multiple ancestries because of 

admixture and migration 



Knowledge or Certainty:  The Ascent of Man 
Series 

Jacob Bronowski, 
1973 


