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Multiple alleles

« where more than two alleles
are present for the trait in
the population

Example: ABO blood group
system in humans

antigen = on surface of red blood
cells

antibody = present in blood plasma

antigen A .
+ antibody A agglutination
(clumping of red cells)

A antigen B antigen

¢

Blood type A Blood type B

AB antigen No antigens

Blood type AB Blood type O

FADAM.



Frequencies of blood
group alleles vary
across populations.

Why?

- resistance to disease | ™"
[eoo
eg. cholera
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| = blood group locus
A.B,O arealleles at that locus

. AB

|1Aand IB are co-dominant
|I©is recessive to both |#and IB

2 ' TYPE OF
- BLOOD REACTION WITH REACTION WITH DONOR BLOOD
& TFYPE GENOTYPE ANTI-A SERUM ANTI-B SERUM ACCEPTED
A 1" or i Clumping of red blood cells No clumping AorO
' P or 1 ~ No clumping Clumping of red blood cells Bor O
EI Clumping of red blood cells Clumping of red blood cells A, B, AB, or O
()i No clumping No clumping (@)



Can a group A mother have a group O child
with a group B father?

P A1 x IBIO
F, IAIB A0 IBIO 9|0

Phenotypes AB A B O



Allelic interactions
- between alleles at one locus

« complete dominance
- allele is expressed in the phenotype when present in heterozygous condition
example: HD allele

* recessive
- allele has be present in homozygous condition to show phenotypic expression
example: PKU allele

« codominance
- both alleles at a locus are expressed in the phenotype
example: AB blood group alleles

* Incomplete dominance
- heterozygote shows intermediate phenotype, full effects
of ‘dominant’ allele are not shown
example: chickens ‘Andalusian blue’ phenotype
horses ‘Palamino’ phenotype
humans familial hypercholesterolemia

haploinsufficiency — 1 copy of wild type allele not enough to
produce wildtype phenotype




Incomplete
dominance in
snapdragons

P Generation

Fq Generation

CRCW x CRcW
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Gene interactions - nonallelic interactions

Phenotype Is result of complex, integrated pattern of
reactions under control of more than one gene and the
environment.

1. Epistasis (true non-allelic interaction)

- expression of a single trait depends on interaction between 2 or more
genes

- why is this different from describing the trait as being polygenic?

examples:
comb shape in chickens depends on genotype at 2 unlinked loci (P and R)

“&

Rose

5

Walnut

Phenotypes

Genotypes rrpp R-P- rrP- R-pp (1:9:3:3IinF2)



behavioral example: |
anorexia nervosa (AN)

allelic variants of MAOA S5HTT NET genes

Genotype Risk of AN
MAOA risk allele slight increase
S5HTT alleles no effect

NET risk allele X 2 Increase
MAOA + 5HT Trisk alleles X 8 Increase

epistasis (non-additive effect)

MAOA + NET risk alleles slightly more than x 2
no interaction (additive effect)

Important note: results like this often fail to replicate, so whether this is a
real effect or not is uncertain
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Epistatic interaction between the monoamine
oxidase A and serotonin transporter genes in
anorexia nervosa

Ruth Elizabeth Urwin*!? and Kenneth Patrick Nunn®34%

'Department of Psycholagical Medicine, The Children’s Hospital at Westmend, Westmead, NSW, Australia; *Discipline
af Psychological Medicine, University of Sydney, NSW, Australia; *Nexus, Child and Adolescent Metal Health Unit,
The fohn Hunter Hospital, Newcastle, NSW, Australia; *School of Medical Practice and Population Health, Faculty of
Health, The Usiversity of Newcastle, NSW, Australia; SChild and Adolescent Memtal Health State-wide Network
(CAMHSNET), NSW, Australia

The serotonin (5HT) and norepinephrine (ME) systems are likely involved in the aetiology of anorexia
nervosa (AM) as sufferers are premorbidly anxious. Spedfically, we hypothesize that genes encoding
proteins, which clear 5-HT and ME from the synapse, are prime candidates for affecting susceptibility to
AM. Supporting our hypothesis, we earlier showed that the ME transporter (MET) and monocamine oxidase
A (MAOA) genes appear to contribute additively to increased risk of developing restricting AN (AMN-R).
With regard to the MADA gene, a sequence variant that increases MAOA aclivity and has suggested
association with the anxdety condition, panic disorder was preferentially transmitted from parents to
affected children. Here we provide evidence in support of interaction between the MADA and serotonin
transporter (SERT) genes in 114 AN nuclear families (patient with AN plus biological parents). A SERT gene
genotype with no apparent individual effect on risk and known to be assodated with anxdety is
preferentially transmitted to children with AN (3* trend =9.457, 1 df, P=0.0021) and AN-R alone (°
trend = 7.477, 1 df, P=10.0063) when the ‘'more active’ MADA gene variant is also transmitted. The
increased risk of developing the disorder is up to eight imes greater than the risk imposed by the MADA
gene variant alone — an example of synergistic epistatic interaction. If independently replicated, ouwr
findings to date suggest that we may have identified three genes affecting susceptibility to AN, particularly
AM-R: the MAOA, SERT, and NET genes.

Europeart Jourmal of Humnan Genetics (2005) 13, 370-375. dﬂi:lﬂ.lﬂ]ﬂfsi.ei"gjzﬂl 328

Published online 3 Novemnber 2004

rds: eating disorders; genetic epistasis; amino-acid oxidoreductases; biogenic amine neurotransmitbers;
tryptophan; tyrosine

Intreduction
Individuals suffering from anorexia nervosa (AN perceive
themselves &5 fat even when emaciated, snd pursue

S s cnhen o M RE Urwin, Depasr of Poy cgical thinness theough food restriction (AMN-F) or purging (AMN-
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Epistasis between neurochemical gene
polymorphisms and risk for ADHD
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Epistasis between neurochemical gene polymorphisms
and risk for ADHD

Ricardo Segurado*', Mark A Bellgrove®, Francesca Manconi®, Michael Gill' and Ziarah Hawi'~*

A number of genes with function related to synaptic neurochemistry have been genetically associated with attention deficit!
hyperactivity disordes. However, sis ceptibility to the development of common psychiatric disorders by single varlants acting
slone, can so far only explain a small proportion of the heritabdility of the phenotype. It has been postulated that the wneopl aimed
‘diask heritshility' may at least in part be due to epistatic effects, which may account for the small observed manginal
associations, and the difficul ties with replication of positive findings. We undertook a comprehensive exploration of pair-wise
linteractions betwesn genetic variants in 24 candidate genic regions involved in monoaminengic catabolism, anabolism,

release, re-uptake and signal transmission ina sample of 177 parent-affected child trios using a case-only design and a
case—pasudon ontrol design wsing conditional logistie regression. Markerpairs thresholded on interaction odds mtio (OR) and
Fvalue are presented. We detected a number of interaction ORs = 4.0, including an b markers in
the ADWRAIE and DEH genes in affected individuals, and several further interesting but :m.ihr effects. 1'I|=g effects are no
larger than you would expect by chance under the assumption of independence of all pair-wise relations; however, independence
s unlikely. Furthermore, the size of these effects ks of interest and attempts to replicate these results in other samples

are antic ipated.

European Journa! of Human Genetics (201 1) 19, 5§77-582 ; doi: 10. 1038 jhg. 20 10 2 50; published anline 2 Febrsary 2011

Keywords: ADHD; epistsis; candidate gane

INTRODUCTION are related directly via protein-prodein interaction or indirectly via

The heritahility of atention deficit/hypemcivity disorder [ ADHD) is
wadl established, and genetic assodation data hawve been reviowed and
met-analysed recently by Gizer er al' The detection of DA variants,
which iniresse risk for this disorder is i mporamnt for biodhemical amd
pharmacological mesmrch inn this disorder, and may permit the
fBucilitation of diagmosis, or refinement of the phenotype on the
hasis of a hinlogial marker. Specifically, association hetween monao-
aminergic genes and ADHD i an active area of inwestigation,
shmrmized srnenally by the modes of achon of CoTreTE hET e

regulatary pathways. Therednre, there are grounds dor prior supposi-
tion that commaon genetic variants in seweal misk gones may act
arergisially to influene disease risk Methads for deecting inter-
attention recenthy " particulardy in the mpidly developing areas of
machine lexming Methods for family-based samples ane less well
developed — unally adaptations of case—mnim] methaods (eg. wing
maiched cae-preundocontnal smples). Howeser, in addition to laage
Brmbhedacsed marmrmlss hane npoed i1 the lotect semnerataan of sere.
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Genetic modulation of neural response during working

memory in healthy individuals:

interaction of

glucocorticoid receptor and dopaminergic genes
W El-Hage'=, ML Phillips®+*, J Radua®*, B Gohier®, FO Zelaya®, DA Collier® and SA Surguladze™”

“insarrn LSS0 ERL CNARS 3106, Universitd
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Rabalals, Dapartment
IPeparmmeant of Fsychoslz Swdies, nsiitue of Peychiatry, King's Colfege London, London, UK 2 Department off Peychiairy,
Wesitam Fepchiamc Instiute and Clinde, University of Fitshungh School of Medicne, Pitshurgh, P4, USA; “Dapanment of
Paychologica Medicine, Cardif Linfversity Schoa of Medicine, Caoiff, UK SFIDMAG, CIBERSAM, Sant Boi de Liobregat,
Spain; ® Depariment of Psychiaty, CHAU Angers, Angers, France and " Cygnei Haaith Care, Lonabn, UK
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Introduction

Working memary [WM) i= a cognitive mechanism that
undedies temporary storage snd manipulation of
limited amounts of information.® The mle of the
dupam@lglc [DA) system in modulating Whi pro-
CREREE dorzolateral prefrontal cortec [DLPFC) is
well e-sta'hl.‘ls.h.ed. It i= known that ine levels in
DLPFC are modulated mainly by Catechol-O-Meathyl
Transfermsze [(OMT), the gene for which has cormmon
Val***Met polymorphisms. The Val allele iz 3—4 times
more active than the Met allele, resulting in a lower

Comespondencs: Dr 'W El-Hags, Insarm: THa0 ERL CHES 3106,
Thidwversité Frangnis Rabelais, CHREL Tours, Bd Tomalla, Towrs
A7 044, Franoa.

E-mail: alhage@med univ-tours fr

Fscwiwved 2 Juna 201 1; mevised 20 August 20113 accopansd 3 Ooinbar
2011; published aonline 15 Nowember 2011

level of dopamine in DLFFC in Val camiers ™™™ A
seminal study demonstrated greater activation,
ng reduced effidency, of DLPFC during Whi
in healthy individuals that was associated with
the number of the WVal alleles* These smuthors
proposed that the deficit in prefrontal function
azzociated with Val allele may increase susceptibility
to schizophrenia.
Another line of research in WM shows an impact of
the Hypothalamic-Pituitary Axis [HPA) on prefrontal
cortical functioning. Animal studies have shown that
deficits in executive anee and WM may be
azsociated with stress-melated dysregulatiom of the
HPA* Moreover, there is strong evidence supparting
the mle of HPA dysregulation asz a r=k factor for
ston and psychosis® which is related to
maladaptive res to stress and glucocort onida.
Thiz iz in line with the eponted assocdatiom of less



2. Pleiotropy

- a single allele has multiple, correlated phenotypic effects

Sometimes produces heterozygous advantage
(hybrid vigor,overdominance)

- enables an otherwise deleterious recessive allele to survive
In the population at unexpectedly high levels

examples: cystic fibrosis (cholera)
sickle cell disease (malaria)
congenital deafness (dysentery)



* Sickle cell disease
pleiotropic effects across body ”‘“ ey

point mutation: 61" amino acid in 146 amino acid chain
glu— val - causes red cells to be misshapen

Heterozygous advantage:

resistance to malaria

percent of
population

Sickle cell allele is usually indicated as | thathas the
sickle-cell allele

recessive (Hemogiokin S)
Can the sickle cell allele be completely | Il 14+ & s-3

: B 12-14 WO 4.6
recessive? B 10.12 2.4
W 8410 M 0-2
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Analysis of Hb S/haplotype combinations indicates that the mutation must have occurred at least five times. Four
are found predominantly in Africa and are designated Bantu, Benin, Senegal, and Cameroon. A fifth is found in
the populations of India and Saudi Arabia in which the sickle cell gene occurs. The Hb S allele in Sicily and
other Mediterranean areas occurs with the Benin haplotype, which is otherwise very rare there. This suggests an
African origin for the Mediterranean alleles.

There is some difference in severity of sickle cell disease also associated with haplotypes. Persons
homozygous for the Arabian haplotype are least severely affected and those with the Bantu haplotype are the
most severely affected. Because the Hb S mutation does not differ among the haplotypes, it is likely that
regulatory elements in the b-globin complex vary, perhaps resulting in more or less fetal hemoglobin that
interferes with sickling.

The diagnosis of homozygosity for Hb S is readily accomplished by gel electrophoresis of red cell lysates from
blood of newborns or adults. Examination of Hb in fetal red cells cannot be used routinely for diagnosis because
of the low production of b-globin during this period. Direct examination of DNA has made prenatal diagnosis
possible, however. Most earlier procedures were based on the fact that the DNA sequence for codons 5to 7 is
5-CCTGAGGAG-3'in the case of Hb Aand 5' -CCTGTGGAG-3' for Hb S. The restriction enzyme Mstll cleaves
at the sequence CCTNAGG, which is present in Hb A but not in Hb S. Thus the restriction fragment patterns will
differ for the two alleles. The difference can be observed using a Southern blot with an appropriate b-globin
probe. Several variations on polymerase chain reaction (PCR) amplification of the altered DNA segment have
also been developed. These have the advantage of requiring minute quantities of DNA, such as single cells
from an in vitro-fertilized 8-cellembryo or from rare fetal cells in the maternal circulation.

Effective treatment of sickle cell disease has yet to be developed. Current approaches have been directed
toward increasing the level of fetal Hb, which interferes with sickling. Hydroxyurea increases fetal Hb and has
some beneficial effect on sickling, but the levels required and the uncertain long term effects have been
problems. Nevertheless, it is the treatment of choice at present. Bone marrow replacement should be effective
but generates its own major problems.



PKU allele shows pleiotropic effects

point mutation causes non-functional enzyme and inability to
metabolize phenylalanine, subsequent brain damage

tyrosine normally produced from phenylalanine
tyrosine used to produce thyroxine epinephrin melanin

pleiotropic effects of PKU allele :
fair hair blue eyes




3. Penetrance

not everyone with a particular genotype shows the expected
phenotype

dominant allele — penetrance = frequency with which it
expresses itself in the phenotype, as percentage

Anything less than 100% = low (or incomplete) penetrance

Examples:

fragile-X mutation - X-linked dominant with 50%
penetrance in females

Huntington allele — penetrance Is age-dependent

BRCA-1 - major risk factor allele for breast cancer, age-
dependent penetrance

37% by age 40 w/out allele = 0.4%
66% by age 55 3%
85 % by age 80 8%



4. EXpressivity

degree to which penetrant
allele expresses itself in
phenotype

Examples: P ! Osteogenesis
osteogenesis imperfecta Imperfecta
autosomal dominant Information on

100% penetrant since all who carry
allele show blue sclera
phenotype, other effects vary

w1 the Internet

fragile-X syndrome
X-linked dominant, 50% penetrance
males more severely effected than

females, but expression varies in
both sexes




5. Internal environment

factors that can change expression of
genes:

age

Huntington allele  Duchenne muscular dystrophy
male-pattern baldness

gender
sex-linked traits alleles on X or Y chromosome

sex-limited traits alleles NOT on sex chromosome
but affected by genes on sex chromosomes
(epistasis)




Baldness sex-limited trait
50% male population, small number of women

androgenic alopecia = male-pattern baldness, most
common cause

2 major genes
androgen receptor on X (X-linked) x 3.3 risk
transcription factor region on 20p X 1.6 risk
both risk alleles (14% of men) X 7 risk

epistasis g

In male pattern baldness,
hair recedes in an "m"
shape, the crown bald

. patch eventually meeting

the top points to form
a horseshoe shape




6. External environment

environmental factors that can change
gene expression:

temperature
coat color in Himalayan rabbits
sex-determination in crocodilians

1.0

environmental chemicals
phenocopies non-hereditary phenotypic Prop.
modifications that mimic the effect of genes of
German measles/hereditary deafness Femely
thalidomide/phocomelia

Accutane/congenital deformities

Interactions
genotype x environment interactions where effect
of genotype depends on environment (& vice-versa)
effect of diet on PKU
effect of smoking/a-1-antitrypsin gene
effect of diet on coat color in mice




Epigenetics  possible mechanism for GXE

- gene expression is altered (eg. by methylation)
- phenotype is altered
- genotype is unchanged

Example of an environmental factor changing gene
expression : - coat color in agouti mice

i < V:v"___,a“

pregnant female mice fed diet with supplements of vit B,,,
folic acid, & choline had offspring with agouti coats

pregnant female mice fed diet without supplements had
offspring with yellow coats + offspring had tendency to
diabetes, heart disease, obesity

extra nutrients turned down expression of agouti gene,
which has pleiotropic effects on appetite and metabolism
as well as effecting coat color.



Research Highlight
Nature Reviews Genetics 12, 80 (February 2011) | doi:10.1038/nrg2941

Epigenetics: Dad's diet lives on

Two recent studies in rodents show that unhealthy paternal diets can reprogramme gene
expression in offspring, implicating epigenetics in these transgenerational effects.

Ng and colleagues fed male rats a high-fat diet and looked for effects in their adult female
offspring, which were fed a normal diet. These daughters had normal body fat but showed
signs of pancreatic (3-cell impairment and altered expression (as compared to controls) of 642
genes that are involved in pathways related to insulin regulation and glucose metabolism. The
gene with the greatest alteration in expression was interleukin-13 receptor-a2 (l113ra2), which
is implicated in regulating pancreatic cell function. Interestingly, DNA methylation at a
cytosine residue close to the 1113ra2 transcriptional start site was reduced in these females.

Carone and colleagues looked at the effect of a paternal low-protein diet in mice. Offspring of
both sexes showed altered gene expression compared to controls, including genes involved
in fat and cholesterol biosynthesis, consistent with physiological differences in these mice.
Modest changes in DNA methylation were seen at many sites, including a reproducible
change close to the Ppara gene, which encodes peroxisome proliferator-activated receptor-q,
a regulator of lipid metabolism.

Although there is increasing evidence for effects of parental environment in offspring, these
studies add to just a handful of cases in which the molecular basis has been at least partly
elucidated. Clearly, the role of epigenetics in such transgenerational effects will be an

important focus of future studies.
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Epigenome effort
makes its mark

Majorrelease of maps charting non—

genetic modifications

goes beyvond DINA ina bid to beat complex human disease.

BY ALLA KATSHELESOH

an the human genorme was frst
fully sequenced. It was often
describad as the recips for making

a pereon. In realtty. the genormes 18 more ks an
entire cooakbook that can produce hundreds
of different cell types and a staggering range
of call functions depending on which genes
are switched on and off. That switching is
accomplished using a vast swite of epd genet ko
marks — molecular and stractural mosdifica-
tiloms to DA that donot change the ander]y-
1o sequence but enswre that the right genes ara
expressed at the right timme.

This wesek. the Roadmap Eplgenomics
Project, a TISEL] Fo-million effort to ldentifir and.
map thoss marks — known collactively as the
Thuman eplgenomes — begins ks first cormpre-
hensive data releasa. Although it i not the onby
such effort worldwilde (see Narure 263, 596—
ST, 2000, the 115 Mational Instthates of Health
(HIH) eplgenomibos project s ane of the most

E4& | NATURE | VOL 467 | T OCTORER 01O
o

ambitiocus The newhy releassd data inchade
more than 200 maps of eplgenstic changesin
S6cell and tissue types, and repressnt a sig-
itk ant step towands the complet & eplgenoms
— thee full picture of all the ways In wiich Dita
can be modified, thiis revealing the Influence
of eplgenetics on cell development and is role
In complex diseases [ 5ee graphich.

Wartous eplgenstic mechanisms reguilate
gene expresslion. Thess Include different
types of modification on the histone proteins

around whilch genomiic DA winds; attach-
et of methyl groups to the mocleotbde cyto—
glne In -4, an alteration that is thuowght bo
switch off genes; sites of high sensitivity to an
anzyrne called DiMasa I, which cleaves accessi-
ble T4 and mariks the bocatbon o fgemns regn-
latory resgloms; and BI04
transcripticn. which.,
although not a DA
mark, 1s one measurs
of the global epigenet o
stata, pevealing how much

=71 HATWRE. COM
Globsl consortium
et targetof 1,000
epigenomes.
pounatarecomFablch

—— e R m o me R Erwd ] BB el bl s ramened

protein a particular gene makes In different
cells. The MTH project developed a standard-
Ized protocod for measaring thess four fact ors,

10 embryonic
Induced plurdpotent cells smd n hoan-
dreds of primary adult and fetal tases
The project, slated to run for another five
years, alrs to produce maps fir “a broad swathe
of call types that would be vseful to disea s
research, find work on specific diseases and
devedop novel technicdogles? says lohn Satteries,
a behaviowral geneticist at the Matlonal Tnstribe
on Dirag Abuse in Bockyille, Mardand., and one
of the coordinat ors of the project.

A VARIAELE RES PONSE

Some sclentists have been wary of the mapping
Components blg sclence’ approach,. fearlng It
willl chorm ot data withiooar ties tothe blalogl-
Ccal questions It = meant to address. Others
Thiawve questionsd the dea that references maps
can b useful to sclentists who study spescific
diseases Pesearchers would stll have to make
thedr own maps using cells from people with-
ot diseases, becauss most studles compars
patlents to healthy comtrols who are matched
for factors such as age or sa, says John Greally
at the Albert Einsteln Collegs of Medicine in
HMew York. His project s on eplgenomic factors
that affect the developing @Etus and that cass
Eidney disease recelve funding from the NTH
Initiatre.

Moreover, adds Greally, whereas the fiowr TIS
mmapping centres s highly sophisticated tech-
mlbgquesto prodace thedr reference maps, indi-
widual labe mestly use simmpler, ch eaper methiods
todetermine epdgenetic marks, so comparing
thedr data to the reerence maps may betricky
“Havingthe [mapping] Information 1s valuable
In el he says, “but the foous bas got tobs on
ey youwuse this tounderstand diseasa™

5o far, the wider community of ressanchers

has largely been unawars of the efforts esclst -
ence “Weve sort of been In ste alth mode™ says
Tosaph BEcker a plaot and modecular blologist
at the Salk Institute fior Blological Sthadies in
La Jolla, California, whosslab is working with
a mapping centre to prosduce reference maps
of DA meet boylat ion. The newly released data
shioald paash the project to a polot whare the
Informationcan bewbdebyusad by researchers
Indifferent felds, he says.
Satterlee notes that the mapping cormpo-
nment 15 Just aone arm of the project, making
e absouat £57 million of ks total budget. The
rest of the money B golng to ndividual ioves -
tigator grants, 53 of which have already besn
awarded. Indeed, sayscell biologist Benjamin
Tycko of Cohiambia 10 Mewr Tark
whose work an the role of DA roethylation
1n Alzhetmers disease is fundad by the project,
“theywe actially adopted a smaEll lab approach™
by funding reseanch in labs with exp ertise on
differemt diseases. m
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beotstrap-based subsampling that showald
increase robustness and bios been successfulby
applied previously in sthadies of mice®. Of the
1.6 million SHPs, between 203 and 295 (LA
traits) and 245 (SLB) were found to be signifi-
carthy assccioted to the respective trait. These

cies and miay also be similarin its genetic anchi-
tecture. Those working oo such species might
be reasmared by the fact that, with appropriate
resource s, alanges proportion of trait variation
mary be explained by sicnple SHF asscciations,
In contrast, an experimental approach based
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The (new) new synthesis and epigenetic capacitors of
morphological evolution

Douglas M Ruden

A new study shows that the piRNA-binding protein Piwi imteracts with Hsp90 and suppresses phenotypic variation in
Drosophila melanogaster by preventing the expression of hidden epigenetic variation. This suggests that Hsp20 and
Piwi function are dampened in times of stress to increase genetic and epigenetic variability, providing a last-ditch

mechanism for a species to survive.

In 1942, Julian Huxley wrote an influential
book, Brolaionm: The Modern Semthesis, that
influenced generations of geneticists!. The
basis of the ‘modern synthesis, also called the
‘mew symithesis, is that it reconciles endelian
genetics with gradual evolution by means of
nabaral selecticn of existing genestic variation.
Mow, on page 153 of this issue, Haifon Lin and
collemgues report the existence of mechanizms
that normally prevent the expression of hidden

Douglos M. Reden is af the Institufe for
Enviromme mial Health Sciences and fthe

iCL5. Mottt Center for Huvaan Growth and
Dewrlopment, Winene State Uhiversity, Detroit,
Mickigan, U'SA.

e-mwils doughasngwapne.edin

epigenetic varmtion’, suggesting that the new
syothesis should be expanded to incorporate
both genetic and epigenetic scuces of varia-
ticn on which selsction can act.

Piwi suppresses genetic variation

The Fiwi-interacting BHA (piRNA] binding
protein Piwi®, which is in the Argonaut family
of small-EMA slicing proteins, was recently
found to prevent transposcm mobilization
in the male germline by “slicing” (cleaving)
transposon BN AsYS, Then, Specchia o al®
showed that reducing the expression of
Hep@i, a chapercne that helps sigraliog pro-
teins fold properhy, disnapts piR A -mediated
silencing and leads to transposon activation.
Specchia et ail.® proposed that loss of piRNA

can increase genetic variation through trans-
peson mobilization, and this newly induced
genetic variation can be genetically assimi-
lated cver many genermtions to increase the
fitmess of the crganism. This work suggests
that Piwi is an adaptively inducible ‘cana-
lizer "Canalization’ is a term propesed by
Conrad Waddington in 1942 to explain how
asgimilation of specific alleles in a population
stobilizes & phenotype from emvironmental
stress to produce developmental robust ness”.
The beneficial effect oftransposon mokiliza-
tion is not a new idea; Barbara MoClintock
propesed in her Mobel Prize seminar in
1983 that transposon mobilization in times
of stress can be @ last-ditch mechanism of

genome rearganization®,

WOLUME 43 | MUMBER Z | FEBRUARY 2011 | RATURE GEMETICS



o7 ACCESS. Frosly svaliebivwaline

FLOS

Analysis of DNA Methylation in a Three-Generation
Family Reveals Widespread Genetic Influence on

Epigenetic Regulation

Jason Gertz'®, Katherine E. Varley'™, Timothy E. Reddy’, Kevin M. Bowling ', Florencia Pauli',
Swephanie L Parker', Katerina 5. Kucera®, Huntington F. Willard®, Richard M. Myers'
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Abstract

The methylation of otosines in CpG dinudeotides is essential for cellular diffe rentisti

ummﬂlﬂapan role in gan T aess varistion and inheritance of genorme-wide pattennd
of DA methylat i ‘hl‘unuuweqﬂeﬂreﬂtud L2 i i sulfite cing (RRES) to somatic
DA from six ibers of & thee tamily. We ol ht&1%ﬂh&mgﬂu9ﬂsmmum
dﬁeﬂm&q‘mmmm arobust cp The vast
majority of differsntial hylati ik c:-ﬂ‘ﬁ]mma haplotype a3

methylstion. These events are under-epresented in OpG il
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far more loci than does gametic impdnting. 'We found that 75% of genotype-dependent differential methy lation events in
the family are abo seen in unrelated individuals and that oversll genotype can explsin 80% of the variation in DNA
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Introduction

Methyiafion of the 5 carhon of a large number of cynsines in
the genome & necessary in mammiafian development [1] . Aberrant
pattems of DNA methylation have hesn reported in 2 wide vanety
of mman dissases, inchiding cancer [2,3], pewchiatric disorders
[, sntoimmume deeases [3] and dishetes [6]. Some of these
pattemns are ndimtve of underying functional changes that hawve

srrounding DMNA methylation is the obervation that o
us camn he il ally el
Tifferential methylation of homologous chromosomes can be
the resuli of epigenetic phonomena such 25 gameiic Imprinting
[7,8] or X chromosomes inecthvation [9,10]. DNA sequence, or
genotype, may ako play 2 mole in estahlishing differential
methylation, s a few wellesahfished cases hawve been idendified
in which a loos” DINA mahylation s cleardy depends on an
individual’s TINA sequence [11,13]. Rerent advances in DNA
sequendng technology have opened the door to exploring

L T PR p———

differential methylation on homalogows chromosomes with high
accwracy and deil I & now poesible to examine the prevalence
of genetic verme epigenetfic canses of differenfial methylation with
mnprecedented precision and thoroughness,

To disinguish the impact of gamefic IMprAntng vs. genatyps on
DNA methyiation, the inheritance patemns of alleles along with
comesponding methdation levels should be observed. Fecent
smdies have suggested that the majoriy of differential DINA
methylation on homoloagous chromosemes is ssquence-dependant
and not the result of gametic Imprinting, as the same allele has the
same influence an NN A methylation in unrelated ndhiduaks [13-
15]. However, to difierentiste definitvely hetwssn genetic
inheritance and impriniing, anahsis of DNA methyladion in
rimary deues from a family & neessary. Analysis of 2 Bmily
allows for the defermination of a SNP's parental onigin along with
inheritance patems of DNA metyiaton levelk ond thenedore
permits  the direct examnaiion of genetic and  epigenetic
mechamizms of differential methylaton. By analyxing DINA
methylation in a Bmily, the impact of alleles verses the impact
of a chrommsomes parental origin on the ivheritance of

August 2011 | Molume 7 | loue 8 | 100228
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Early Prenatal Stress Epigenetically Programs
Dysmasculinization in Second-Generation Offspring
via the Paternal Lineage

Christopher P. Morgan and Tracy L. Bale
Diepartment of Amimal Biclogy, Schoal of Veterinary Medicine, University of| i
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ia 19104

1 disnrd.

Studies have linked sex-biased newrod induding autism and schizophrenia, with fetal antecedents such as
prenatal stress. Fuarther, Ituenlmmescmpa:ssl into subsequent generations, raising the possibility that aspects of heritability in
these diseases imvol mechank Uiilizing a model in which we previously identified a period in early gestation when
MMmqmmwweﬂenﬁpmﬂM&mmemmwl
offspring of prenatally stressed (F2-5) or control {F2-C) sires. Examination of gene expression patterns during the perinatal sensitive
period, when organizational gonadal hormones establish the sexually dimorphic brain, confirmed dysmascolinization in F2-5 males,
where genes important in neuredevelopment showed a female-like pattern. Analyses of the epigenomic miENA environment detected
significant redoctions in mik-322, miR-574, and miE-873 in the F2-5 male brain, levels that were again more similar to those of control
females. Increased expression of a common gene target for these three miBMNAs, S-glycan, was confirmed in these males. These develop-
mental effects were associated with Ihehuimmnfashas&-mhr&pl]umlfpeald shortened anogenital distance in aduokt F2-5
males. As confirmation that the miRNA enviromment is responsive to org: tiomel rone, neonatal males administered the
aromatase inhibitor formestane exhibited dramatic dhanges in brain miENA patterns, sugpesting that miRNAs may serve a previously
u:p-pranmdrcﬂ.tmummesmr dimorphic brain. Overall, these data support the existence of 2 sensitive period of early

pestation when epigenstic progr of the mal
generations.

Introduction

Eptdemiological stmdies have linked prenatal stress to in-
creases In the Incidence of neurodevelopmental disorders,
incading schizophrenia and antism spectrom disorders, asso-
clations that are often sex dependent (Hutinnen and Miskanen,
1978z van ‘Os and Selten, 1998; Khashan et al, 2008; Kinney etal.,
00E). These disexses often display sex differences in prevalence,
Presen @i, or therapentsc outcomes | Bale et al, 2010). While
many factors Hkely contribute to these differences, sex-specific
responses o fetal antecedents are hkely involved (Weinstodk,
2007}

We have previously identified early gestation as a spedfic win-
dow of sensitivity during which male mice were susceptible to the
programming effects of maternal stress. These males exhibited
phystological and behavioral stress sensitivity and cognitive def-
iclts, endophenotypes assoclated with human nenropsypchiatric
disease. In addinom, these changes reduced or dismopted estab-

Foxmbvod Apedl W, J01T; mmnq:ﬁ, H11: acrpind hne :nm
ol TLE F L i TLE. anabyred
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lime can ooour, permitting transmission of spedfic phenotypes into subsequent

hshed sex differences by dysmasculinizing male offspring mea-
sures of stress responsivity (Muoeller and Bale, 2007, 2008).
Similar disraptions of sex differences In behavior, morphology,
and gene expression profiles have previonsly been reported 1n
stmdies msing prenatal stress paradigms across muldple species
(Ward, 1972 Metsel et al., 197% Rernikoy et al, 1998 Kapoor
and Matthews, 2005; Etala et al., 2010). The organizational’acti-
vational hypothests of brain development snggesis that a surge of
gonadal hormones organize the brain in a sexmally dimonphic
manner during the perinatal sensitive peried. Then In adulthood,
ponaddal hormones can activate this organized nenrecromiry o
express appropriate sex-specific behavioral phenotypes, inchsd-
g siress axls responstyity [ Phoendx et al., 1959 Arnold and Gor-
ski, 1984; Seale et al., 2005 Bingham and Viao, 2008) The
disruption of sex differences identified in our mode] suggests that
early prenatal stress alters the trajectory of nenrodevelopment
during the perinatal period.

Fetal antecedents likely contribate to adult disexse throungh
programming changes in the epigenome. Examgples of this phe-
IHTENON are emerging in hnman stindies. For example, iInfants
with prenatal exposare to maternal depression or anxions moad
exhibited Increased ghioooorticold methylation, which was asso-
dated with a helghtened cortisol response to 2 mild stressor
{Oberlander et al, 2008). Such programming effects may trans-
mit o subsequent generatdons, predisposing offspring to discase.
Animal models hawve dearly established a role for eplgenetics 1n
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Epigenetic inheritance of a cocaine-resistance

phenotype

Fair M Vassoler!, Samantha L White!, Heath I Schmidt!, Ghazaleh Sadri-Vakili>? & R Christopher Piercel.?
&l‘hineﬂedahmﬂﬂzplend;pemhgm the self-administration of cocaine in rats. We obsarved rl!qed_anwﬂhm

and reduced of cocaine

indﬂue“m
ed sires.

d association of

ion in male, but not female, L
mmhmmm(ﬂmﬁnﬂﬂlaﬂBMMnm

‘hmmmmmﬁmmhm@mhdﬁmnﬂdemn
inistrati nhBIllFleDephrarﬂqusl{ﬂle'lﬂlew ANA-12)

nls-esihil"“‘
in the medial

rtex (mPFC),

the

mmmmnmhmmm In addition, ﬂemlﬂ)ﬂndﬂl}lﬂeﬂlﬁhﬁﬂ! with Bdnf promoters

wias increased in the sparm of sires that self-

cocaine. Ct

‘these findings indicate that voluntary patemal

ingestion of cocaine results in epigenetic reprogramming of the germline, having profound effects on mPFC gene expression and
i cocaine rei in mal fing.

i

g inds

A growing body of that | envi
tal pertusbations can influcoce the physiclogy and behavios of

RESULTS
To develnp 2 mode fox the intergenerational inflaence of cocaine

descendants. Although most studies of this sort focus on
effects'?, there are examples of paternal phenatype transmission
between generations. For example, progeny of male mice fed 2 low-
protein dist show elevated hepatic expression of genes mvolved in
lipid and chole 'k hesisd, whereas ing male rats o
a high-fat diet resalts in pucruucl:mc,r_'ll dysfunction in female
uEEspnng‘ Moreover, early pren:ul stress reprograms the male

in
ing®. MNotably, 1 infl of ancestral
environment are evident in humanl—epud.emmleg;cz.l data link
exposure to a mine in diathers to obesity and cardi
disease two generations later ™.
1ot of drugs of sbose, d:ea-d.nlloﬂipnngo‘ﬁmahrmapmed

[ hine during ad in anxiety (female
offspring), mham:mmdmbmmdnmd analgesia {male off-
spring) and 4 behaviaral sensitization to marphine (male

and female offspring)®%. Maternal glo-
bal DNA methylation in the hippocampus of male ofpring! s pater-

tion in a T-maze mnn;mal:pmg:ny" ﬁrmphmumo{t]:ue
finclings for the descendants of drug- individzals are pro-
froand. Thuss, ﬂmﬂuhdammoddmmﬁeluﬂmmef

on gene remideling and
behaviar, we allowed male s-pngn:—Duw]qr rats to self-administer
intravenous cocaine (025 mg per infusion, not adjusted for animal
weight) for 60 d, the durtion of rat spermatogenesis; control rats
received yoked intravenous sline injections. The mean (+ s.em.)
number of infusions per day was 23.79 + 0L5. Rats initially self-
administerad 34 mg (~0.5 mg per kg of body weight per infusion)
af cocaine per day, with the daily intake escalating to 7-8 mg per day
after 50 d of self-administration {Fig. 1. In this experiment. the aver-
age cocaine dose was approzimately 0.7 mg per kg per infusion. The
day afier the last self-administration session, the Fg males were mated
with naive females, resulting in 13 litters from cocaine-experienced
sires and 13 litters from saline control sires.

Reduced cocaine intake in male cocaine-sired rats

When they reached approzimately 60 d of age, we implanted jugular
catheters intn 1-3 male and female offspring from each litter. After
7 d of secovery, we assessed the acquisition of cocaine self-
administration under a fixed ratic I (FR1) schedule of reinforcement.
Under an FR1 schedule, all Lever p lted in cocaine admini
tration. The results indicated o Jiffs in the rate of =
urlhlzulufmmmnh:mgﬁmnhuf&mugufmm
::pmmdmglsmr cSired). (FSalSired) (Fig. Zah).

paternal i dministration on gene exp
l:nmd.rlmamdmmucmn‘mmncnlmﬂmpmg:ny_\\immm:d

e d significantly delayed of 0.5 mg
put;.uunm”axgcmzlfm@mbymkurr
perienced (@ CocSired) rats relative to controls

paternal af in uters exp
mudhwmﬂnﬂm:{pmmmmby
dams on maternal behavior

Cantur for Meurnbiology and Butovior, Dupartment of Psychiatry, Pwnlm'ln School of
neral Hospital, Boston,

Imsztuste for
Comesponcenca shoud be addnmsed te R.C.F, (replercemalLmed. q:eln.cﬂlll.

(dsds.::d.ltn;k.d} Maozeover, when cocaine seli-administration
asymptote, we saw a significant decrease in intake of 1.0 mg

usA

of
s UBA. T aqually to this work.
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