




                     Among vertebrates, only mammals imprint their genomes.
                                                      Why?

Seems like a bad idea because it makes an offspring potentially more sensitive to genomic damage
at the imprinted loci: If the embryo is heterozygous at an imprinted locus it may be dead, whereas if
the locus was not imprinted the animal would be viable.

A hypothesis: The struggle between the sexes?

--Females can mate with multiple males, generating embryos fathered by different males.

--If a male could underexpress genes that retard growth, his embryos would grow faster,
outcompeting those of the other males.

--This would be draining to the mother. In response (in the evolutionary sense) she would benefit
by downregulating genes that enhance growth. This gives each embryo an equal chance and does
not drain all her energy.

--So, the argument goes, imprinting will silence growth enhancing genes in the female and silence
growth suppressing mutations in the male.

Some supporting evidence

--Only in mammals do embryos compete for maternal resources in utero.

--Many of the genes identified as being imprinted are growth regulators.





Imprinted genes often regulate fetal growth







Although the clone of sheep A (Dolly) could have been created using only sheep A, sheep B and C were used in the 
cloning process in order to ensure that Dolly was truly a clone and the not the result of unexpected mating.

Nucleus removed
From egg cell

Cell with DNA fused
Into enucleated egg cell

Implantation into
The surrogate mother

Birth of clone of 
Sheep A (Dolly)









Proof that these abnormalities are 
entirely epigenetic

Dolly’s lambs, and the 
offspring of all cloned 
animals, are normal.

























The problem

In order to generate ES cells, one has to destroy 
an early human embryo















Induced pluripotent stem cells (iPS cells)

Adult somatic cells can be made to differentiate into pluripotent stem cells through the 
expression of four genes.







Generating haploid embryonic stem cells (ESCs)



Mutation of specific imprinted genes allows survival of
single parent offspring





Creating viable progeny by mutating (turning off) genes that 
would normally be silenced through imprinting in the gamete that 
no longer contributes. 

Interesting implication to think about. The progeny are viable
but are heterozygous for LOF mutations in multiple genes
involved in imprinting. What does this mean for the viability
and phenotypes of their progeny? Would you use this technique
in humans?



Organelles and prions

Random segregation



Centromeres ensure the proper segregation of genes during mitosis and meiosis.



Molecules not linked to chromosomes bearing 
nuclear centromeres behave differently during 

mitosis and do not obey Mendel’s rules. 

•Organelle chromosomes
•DNA and RNA plasmids
•Protein structure



Organelle Genetics

Mitochondria and Chloroplasts
Involved in producing energy for the cell though 

either oxidative phosphorylation or 
photosynthesis

Each contain their own small genome



Nuclear vs Mitochondrial DNA

Mitochondrial DNA
17 kbp

Circular
37 genes

Cell contains 1000s of copies
Encodes only mitochondrial 

functions

Nuclear DNA
3 x 106 kbp

Linear
>30,000 genes

Cell contains two copies of 
each gene

Encodes all cellular functions, 
including mitochondrial



Mitochondria generate >90% of the energy (ATP) we use
each day through oxidative phosphorylation (OXPHOS)

Mitochondria



Mitochondria have an inner matrix bounded by inner and 
outer membranes. The inner membrane is highly convoluted, 

and has a large surface area



In OXPHOS, electron transfer is used to convert food and 02 into a 
proton gradient across the inner membrane that powers ATP 

synthesis
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Mitochondria derive from an ancestral symbiont



Evidence for Endosymbiont Theory

Similar lipid compositions in membranes of bacteria and 
mitochondria.

Bacterial and mitochondrial genomes circular and lack 
associated histones.

Transcription and protein synthesis in bacteria and 
mitochondria similar.

rRNAs similar in bacteria and mitochondria



Each mitochondria carries multiple copies of the 
mitochondrial genome (mtDNA)  

Mitochondria
mtDNA

Nuclear DNA

There are 100s to 1000s of mitochondria per cell



Mitochondria go through dynamic cycles of fusion and fission, which
promote content mixing and periodic isolation, respectively

David Chan lab
Caltech

David Chan lab, Caltech









mtDNA is dense with genes, all of which are required
for oxidative phosphorylation



Mitochondrial genome sizes

tabacum and thaliana are
Plant mtDNA genomes
 







Can the component of aging due to accumulation of
mutant mtDNA be slowed or reversed? 

Old

Young Old

Widltype mtDNA

Mutant mtDNA Nuclear genome
Cell dysfunction/death

Metabolic
threshold

Homoplasmic:
Wildtype mtDNA

Homoplasmic:
 Mutant mtDNA

Increasing heteroplasmy

XX
XX

X
X

Can we promote the selective elimination
of mutant mtDNA, a form of quality control????

threshold



Some pathways, like the Pink1 Parkin pathway, promote the removal
of mitochondria damaged mitochondria – those that have lost their 
membrane potential

But yet.....you and I are WT with respect
to Pink1 and Parkin, and mutant mtDNA
still accumulates. So, there must be other
factors at play



mitophagy
5

Fission
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Inhibition of
fusion
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Mitochondrial
depolarization

3
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Key steps in mtDNA quality control:
Isolation, incompetence, tagging and removal

Tagging as
defective with

Pink1 and ParkinMaintain depolarization



In many organisms mitochondrial and chloroplast contribution to the zygote is uniparental, usually maternal.

1. Poky in Neurospora



In animals, mtDNA is inherited maternally.

mtDNA A

mtDNA B mtDNA D

mtDNA C



Homoplasmy: All mitochondrial DNA 
molecules are identical.

Heteroplasmy: Different mitochondrial 
genomes are present in the same cell

Different levels of heteroplasmy arise 
through random segregation during cell 
division.

In non-dividing cells mitochondria 
continue to undergo cycles of replication 
and degradation,  a process which is also 
stochastic in terms of which are lost, and  
which are replicated



Chloroplast inheritance also involves
random segregation



mtDNA mutations that eliminate function not tolerated unless wildtype DNA 
is also present (heteroplasmy)



1. Maternal inheritance
2. Variable penetrance and expressivity
3. Variable age of onset

Mitochondria and human disease

All offspring of diseased mother can express the disease phenotype,
while none of the offspring of the diseased fathers do.

The proportion of mutant mitochondria determines the severity
of the MERF phenotype and the tissues that are affected. 
Tissues with higher energy requirements (e.g., brain) are least
Tolerant of mutant mitochondria. Tissues with low energy 
Requirements (e.g., skin) are only affected when the proportion
Wildtype mitochondria is greatly reduced.





Transmission of mitochondrial DNA polymorphisms from
 heteroplasmic mother to offspring 

(Chinnery et al. Trends. Genet.16:500)



Possible mechanisms for implementing maternal bottleneck





But quality control is not perfect and roughly 1/4000 people have disease associated 
with mutation of mtDNA

If you have the disease, there are no treatments. But, ...
can we prevent future transmission from mothers to offspring?







Deleting or modifying specific mutant mtDNA genotypes using site-
specific cleavage or base editing. 



Site-specific DNA cleavage occurs when two FokI nuclease domains 
are brought near each other through TALE-mediated DNA binding



Site-specific DNA base editing occurs when deaminase domains
are brough near each other through site-specific TALE binding









What problems might
this horse have later in
life?

Could HE pass those
defects on to his
progeny?



Between 1976 and 1983, the military of Argentina kidnapped, jailed, and killed more than 10,000 dissidents. 
Along with their parents, many infants and toddlers disappeared. In 1977, the grandmothers of these children 
began to hold vigils in the main square of Buenos Aires to inform others that about the disappearance of their 
grandchildren. This group became known as the "Grandmothers of the Plaza de Mayo." They contacted many 
organizations for help, including the American Association for the Advancement of Science (AAAS). 

First, different alleles of the HLA locus (nuclear) were used. Compared the human lymphocyte antigens (HLAs) 
on white blood cells. Children should share one allele with one of the paternal grandparents and the other with 
one of the maternal grandparents. Mary Claire King, then a geneticist at Cal, taught Argentine medical workers 
to analyze HLA markers on white blood cells, and the workers typed HLAs from family members of the missing 
children. 
The probability that a tested child belonged to the family claiming him or her on the basis of eye-witness 
accounts of abduction varied from 75-99%. 

Then, mtDNA analysis was used. 
By the mid-1980s, the simpler cases had been solved. Professor King turned to her former mentor and colleague 
Allan Wilson, a molecular biologist at Cal who was studying mtDNA. PCR amplification and sequencing of the 
highly variable region of mtDNA made it possible to match a child with his or her maternal grandmother. The 
probability that two unrelated individuals would be identical for this 131 bp region is almost nil. In addition, the 
high copy number of the mtDNA aided in the identification of the remains of individuals killed by the military 
regime. 



Human migrations can be studied using Y 
chromosome and mtDNAs



Analysis of human mtDNA led to the 
Mitochondrial Eve Hypothesis

In the 1980s, Allan Wilson pioneered the use of mtDNA to 
study human evolution.

In two papers published in 1987 and 1991, he and his 
colleagues at Cal proposed that we all come from a 
population of humans that lived in Africa approximately 
200,000 years ago.





Every daughter has a mother, but not every mother has a daughter. If 
we go back far enough all mtDNA lineages but one are eliminated. 



Evidence for Mitochondrial Eve hypothesis
Compared sequences from the highly variable region of 
mtDNA.

Greater sequence differences among native Africans than 
any other group, which included Europeans, American 
Indians, Papua New Guineans, Asians, aboriginal 
Australians and individuals of Middle Eastern origin.

The diversity of Africans is equivalent to the diversity of all 
groups combined.

These observations led Wilson to propose that the African 
population has had the longest time to evolve variation and 
thus humans originated in Africa.





But when did Mitochondrial Eve live?
2.8% of the mitochondrial base pairs differed in the population of sub-
Saharan Africans studied.

Chimpanzees and humans diverged about 5 million years ago, and 
human and chimpanzee mtDNAs differed at 15% of the base pairs of 
the mtDNA.

Adjusting the data to account for multiple substitutions at the same 
base pair, they calculated that mtDNA has been diverging at a rate of 
13.8% per million years.

Assuming that this "molecular clock" is ticking at a constant rate, they 
determined that a "Mitochondrial Eve" from whom we are all derived 
lived 2.8/13.8 or 0.20 million years ago. Although there has been much 
argument about the assumptions and statistical methods used, most 
evolutionary geneticists accept that the women carrying our ancestral 
mtDNA lived in sub-Saharan Africa approximately 200,000 years ago.



Mitochondrial inheritance versus maternal effect







 Maternal effect genes also display a form of
maternal inheritance.

Mitochondrial mutations display maternal inheritance, in
which the progeny always have the maternal phenotype. In
maternal effect the progeny have the phenotype specified
by the maternal nuclear genotype. Maternal effect does not
involve extranuclear genes.

In many organisms the development of the embryo is
prominently regulated by molecules that are deposited in
the oocyte/egg. Since these molecules derive from the
mother their composition is dependent on the maternal
genotype. Mutations that disrupt the function of these
genes in the female, but not the male, lead to
developmental abnormalities.

A classic example comes from the study of snail shell
coiling. The direction of shell coiling is determined by a pair
of nuclear alleles, D (for dextral or rightward coiling), and d
(for coiling in the sinistral or leftwards direction). That the
phenotype is dependent on the maternal genotype is
shown through the results of the reciprocal crosses
diagramed below.

Cytological analysis of the developing eggs shows that the
orientation of the mitotic spindle during the first division
determines the direction of shell rotation. This led to the
idea that perhaps the D gene product either was, or
indirectly influenced the formation of something that
determined mitotic spindle orientation. Experiments
demonstrating that this is in fact the case involve taking
cytoplasm from D/- eggs and introducing it into d/d eggs.
The recipient eggs now develop with a dextral orientation.
in contrast cytoplasm from d/d eggs is unable to influence
the development of D/- eggs. These observations are
consistent with the idea that the D gene specifies a product
that is deposited in the egg and promotes a particular
mitotic spindle orientation. The d product produces no
product or a defective product. These embryos coil in the
sinistral direction by default.

There are many examples of important developmental
regulators that are maternal effect genes. we will discuss
some of these when we talk about developmental genetics.









What are Prions?
Proteinaceous infectious particles that resist inactivation by procedures that modify 
nucleic acids.

Prion diseases are often called spongiform encephalopathies because of the post mortem 
appearance of the brain with large vacuoles in the cortex and cerebellum.

Animals prion diseases
Scrapie: sheep 
TME (transmissible mink encephalopathy): mink 
CWD (chronic wasting disease): muledeer, elk 
BSE (bovine spongiform encephalopathy): cows 

Human prion diseases
CJD: Creutzfeld-Jacob Disease 
GSS: Gerstmann-Straussler-Scheinker syndrome 
FFI: Fatal familial Insomnia 
Kuru 
Alpers Syndrome 







Kuru is a rare and fatal brain disorder that occurred at epidemic levels during the 1950s-
60s among the Fore people in the highlands of New Guinea. The disease was the result 
of the practice of ritualistic cannibalism among the Fore, in which relatives prepared 
and consumed the tissues (including brain) of deceased family  members. Brain tissue 
from individuals with kuru was highly infectious, and the disease was transmitted either
 through eating or by contact with open sores or wounds. Government discouragement 
of the practice of cannibalism led to a continuing decline in the disease, which has now 
mostly disappeared.

Kuru belongs to a class of infectious diseases called transmissible spongiform 
encephalopathies (TSEs), also known as prion diseases. The hallmark of a TSE disease 
is misshapen protein molecules that clump together and accumulate in brain tissue. 
Scientists believe that misshapen prion proteins have the ability to change their shape 
and cause other proteins of the same type to also change shape. Other TSEs include 
Creutzfeldt-Jakob disease and fatal familial insomnia in humans, bovine spongiform 
encephalopathy in cattle (also known as mad cow disease), scrapie in sheep and goats, 
and chronic wasting disease in deer and elk



Kuru
• Prion disease in Fore region of Papua 

New Guinea
• Epidemic in 1950s
• Transmitted by endocannibalism

– Originated from sporadic case?

• Mainly women and children affected
• Mean incubation time ~ 12 years

• Model for vCJD?



Iatrogenic CJD

• Intracerebral electrodes

• corneal grafts

• dura mater grafts

• pituitary derived human growth 
hormone

• pituitary derived human gonadotrophin



What is the infectious agent?
1. UV treatment has no effect on activity of Scrapie 

infectious agent.

2. Infectious agent susceptible to proteases, but not 
nucleases.



3. Purified infectious material contains only a single 
protein called PrPSc. This protein has the same 
sequence as a normal noninfectious protein, called 
PrPC, which is encoded by a nuclear gene.



4. Individuals with inherited spongiform 
encephalopathies have PrPC that are different from 
unaffected people. In one GSS pedigree, for 
example, the proline at position 102 is changed to a 
leucine.



5. Mice containing a transgene with the P102L 
change develop spongiform encepholopathy.

6. Knockout mice lacking the PrP gene function 
are resistant to infection.



The model



PrPC

+
PrPSc

PrPC mutation that predisposes to PrPSc conversion

PrPC
PrPSc

Lateral transmission through contamination with PrPSc

Sporadic conversion of PrPC to PrPSc = rare

The infectious scrapie agent is highly resistant to procedures that destroy or modify nucleic acids, while
being susceptible to procedures that hydrolyze or modify proteins. By biochemical purification to enrich for
infectivity, a single 27-30kD protein was discovered. It was encoded chromasomally.

Normal individuals contain a protease-sensitive cellular form (PrPC). Infected individuals contain PrPSc.
Aggregates of PrPSc induce the conversion of PrPC.

PrPSc



--Genetic: autosomal dominant

Key experiments:

--Mice that lack PrPC are resistent to infection with PrPSc

--Mice that express PrPSc spontaneously develop scrapie

--Mice that express human PrP result in disease with the characteristics of the
human disease.



Prions in yeast behave as dominant traits, but with
non-Mendelian inheritance











Prion formation is regulated by cellular signaling. 
Heat shock chaperones in this case



Intrinsically disordered
proteins/domains
and prion formation.

The creation of unique
epigenetic states that
are reversible


