
What is Epigenetics?
Preformationism (17-19th century): each 
cell contains preformed elements that 
enlarge during development.

Two views in embryology

Epigenesis (19th century -): chemical 
reactions among soluble components in 
the cell that execute a complex 
developmental plan.

Hartsoecker 1695
Humunculus

• Determined that all chromosomes had 
to be present for proper embryonic 
development. 

• Development encoded by irreversible 
changes in chromosomes?

Chromosomes are Necessary for 
Development 

Before the 20th century

Theodor Boveri, 1903
University of Würzburg  
Germany

Walter Sutton, 1902
Columbia University 
USA
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Fig. 2. Plan of serial nuclear transfer experiments, using nuclei from adult skin celJs.
Reasons for the various steps are explained in the text (p. 99). The percentages of
injected eggs which cleave in different ways are those typically obtained with adult
skin cell nuclei. The actual results of the experiments reported here are shown in
Tables 1 and 3.

The overall plan of our experiments is illustrated in Fig. 2. Serial transfers
were carried out in all cases, and the following comments summarize the
reasons for this. A serial nuclear transfer experiment is one in which a donor
nucleus is taken from an embryo which has itself resulted from a previous,
first-transfer, experiment (Fig. 2). Most of the blastulae obtained from first

Cell Specialization is Reversible 
Late 20th and early 21st centuries

• Gurdon, Laskey & Reeves 1975 
demonstrated that “cell 
specialization does not involve 
any loss, irreversible activation or 
permanent change chromosomal 
genes required for development” 

Central Question: How can a single 
fertilized egg give rise to a complex 
organism with cells of varied 
phenotypes?



• Human Genome Project 2003 

• Why so few genes? 

• How do cell lines know and 
remember their function? 

• Where does individual 
variation come from? 

• Are there traits/diseases that 
cannot be explained by our 
genetic sequence?

Surprises in the Genomic Era 
Late 20th and early 21st centuries
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• Stem cells start with same 
developmental potential 

• Can follow different 
developmental paths 

• Most phenotypic traits are 
influenced by many genes 

• Landscape is shaped by 
genotype and environment

Epigenetic Landscape 
Phenotypic changes occur during development

Waddington 1957

Modern Definition

• Epigenetics: study of stably heritable phenotypes 
(e.g. gene expression) that result form changes in 
chromatin, without changes in DNA sequence

Allis et al 2015

Nature Reviews | Genetics
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evidence has confirmed that stochastic DNA methy-
lation alterations in cancer involve large regions of the 
epigenome190,191. This stochastic epigenetic change does 
not occur genome-wide. Rather, genome-wide views of 
epigenetic variation have shown that large hypomethy-
lated blocks, constituting up to one-third of the genome, 
contain the most variably methylated regions of the 
tumour genome190,192. These domains arise early during 
cancer development191,193,194 and contain the most variably 
expressed genes regulating cancer- relevant functions190. 
Moreover, the degree of variation in methylation in early 
precursor lesions predicts cancer risk193,194, suggesting a 
causal link between these epigenetic changes and cancer. 
Hypomethylated blocks in cancer largely correspond to 
partially methylated domains in normal cells as well as 
LADs and LOCKs (FIG. 2). These regions underlie much 
of the reported variation in methylation at CpG islands, 
shores and distant CpG sites, fuelling phenotypic vari-
ation in cancer191,192. In addition, the degree of vari ation 
in methylation191, as well as the deviation of the vari-
ability in gene expression from the normal correspond-
ing tissue, is a predictor of cancer progression195. The 
combination of ageing and chronic sun exposure — the 
two leading causes of skin cancer — induces the wide-
spread formation of hypomethylated blocks in the epi-
dermis at genomic regions that are hypomethylated in 
squamous cell carcinoma and that overlap with colon 
cancer- specific hypomethy lated blocks196. These same 
regions are the very ones that show further alterations 
in methylation in squamous cell cancers arising within 
the same skin. Given the overlap of these regions with 
LADs and LOCKs, these data also indicate that the inter-
play between altered 3D genome organization, stochastic 
epigenetic change and impaired differentiation mediate 
the effect of environmental  damage with photo-ageing196.

Network entropy and nuclear structure. Recent work has 
described cellular heterogeneity as network entropy — 
applied as a measure of signalling pathway  promiscuity 
— and established that the level of network entropy 
provides an estimate of developmental potential160,197. 
In other words, the high entropy of a heterogeneous pluri-
potent stem cell population maintains a diverse range of 
pathways associated with more mature pheno types in a 
poised state for activation. Consistent with the signalling 
entropy model of cellular differentiation, the variability 
in the expression of signalling factors and developmen-
tal regulators has been experimentally linked to the dif-
ferentiation potential of ESCs198. In a similar manner to 
normal differentiation, CSCs display a higher entropy 
than cancer cells, although the difference is smaller than 
between normal stem cells and differentiated progeny160. 
Furthermore, CSCs consistently have a lower entropy 
than their normal counterparts, indicating the presence 
of dominating oncogenic pathways. This is in agreement 
with models suggesting that cancers represent hybrid 
states between aberrantly increased as well as decreased 
epigenetic flexibility188 (FIG. 3a).

Importantly, transitions between cellular states 
of different entropy seem to be regulated epigeneti-
cally. Using quantitative RNA fluorescence in  situ 

Figure 3 | Waddington landscape of phenotypic plasticity in development and cancer. 
a | The Waddington landscape of development is adapted to compare cellular states of 
different entropy during normal differentiation (left side of image) and in cancer (right side 
of image). The developmental potential of normal somatic stem cells (grey balls) positioned 
on the top of the hill correlates with high entropy, which is mediated by cellular 
heterogeneity (different shades of grey). During differentiation, cells are guided towards 
well-defined cell fates (light blue and brown balls) with lower entropy, paralleled by a 
decrease in transcriptional noise and the stabilization of cell states (deepening of the 
valleys or canalization). Cancer stem cell (CSC) states (yellow ball) arise when epigenetic 
instability interferes with normal differentiation and leads to the erosion of barriers against 
dedifferentiation — for example, via the erosion of large organized chromatin K9 
modifications and the emergence of hypomethylated blocks. In a similar manner to normal 
differentiation, CSCs with higher entropy occupy higher altitudes on the hill than cancer 
cells (orange and red balls), although the difference is smaller than between normal 
stem cells and differentiated progeny. Increased transcriptional noise (shallow valleys) and 
stochastic switches between diverse cell states (arrows between valleys) are regulated by 
the interplay between epigenetic modulators, modifiers and mediators, the deregulated 
epigenome and fluctuating environmental cues (for example, inflammation, repeated 
exposure to carcinogens, ageing or an overactive WNT pathway). Finally, cellular 
heterogeneity (yellow, orange and red balls) within the tumour eventually enables selection 
mechanisms to drive the growth of the fittest clone. b | Illustration of the role of epigenetic 
modifiers, modulators and mediators on the Waddington landscape described in part a. 
Epigenetic modulators (pink hexagon) regulate the activity of epigenetic modifiers 
(green triangles) that induce the ectopic expression of epigenetic mediators. Mediators 
dynamically alter the contour of the landscape via feedback loops that target epigenetic 
modifiers such as chromatin modifications (blue circles), lamin proteins (yellow circles) 
and chromosomal interactions (new loop on right). The expression of epigenetic mediators 
thus produces a shift in the epigenetic landscape, enabling the sampling of aberrant 
developmental outcomes displaying increased phenotypic plasticity in neoplastic or 
pre-neoplastic cells. APC, adenomatous polyposis coli; DNMT, DNA methyltransferase; 
SOX2, sex-determining Y-box 2; STAT3, signal transducer and activator of transcription 3; 
TET, TET methylcytosine dioxygenase.
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Disruption of Epigenetic Landscape 
Can lead to cancer

Cancer

Feinberg 2016 Nature Reviews Genetics



Epigenetic marks: DNA is not naked 
Distinct chromatin configurations give rise to diverse phenotypes
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DNA Methylation 
Usually correlated with repression of gene expression

• In many animals occurs 
mostly on cytosines at 
CpG dinucleotides 

• Most exons and introns are 
highly DNA methylated 
(70-80%) in vertebrates 

Cytosine 5-methylcytosine

SAM = S-adenosylmethionine

DNA methyltransferase

DNA demethylase

DNA Methylation 
Usually associated with silencing of
gene expression

Model of transcription regulation 
by CpG methylation 

Binding of transcription initiation complex is inhibited by methylation

of their TFBSs [50]. Besides, it was reported that binding
of some TFs, including Sp1 and CTCF, is sufficient for
maintaining a local unmethylated state [60-65]. Neverthe-
less, this scenario (Figure 1b) does not explain the sensi-
tivity of certain TFs to methylation of their TFBSs.
In this study, we explore the evidence that supports

one of these two scenarios. To achieve this, we first test
whether methylation of a particular cytosine correlates
with transcription. This effect may provide a basis for
regulation of transcription through methylation of spe-
cific TFBSs. Second, we investigate whether some TFs
are more sensitive than others to the presence of such
cytosines in their TFBSs and what features of TFBSs
can be associated with this sensitivity. To this end, we
employed ENCODE [66] data on DNA methylation ob-
tained by reduced representation bisulfite sequencing
(RRBS) [67]. RRBS allows us to identify both methylated
and unmethylated cytosines quantitatively at a single
base pair resolution in the CCGG context in regions
with high densities of rarely methylated cytosines, usu-
ally co-located within gene promoters [68]. To evaluate
genome-wide expression across different cell types, we
used FANTOM5 [69] data obtained by cap analysis of
gene expression (CAGE) [70]. FANTOM5 provides
quantitative estimation of expression in several hun-
dreds of different cell types.

Our study shows that a fraction of single CpGs within
promoters exhibits a significant negative correlation of
their methylation profiles with the expression profiles of
neighboring transcriptional start sites (TSSs) considered
across various samples. Moreover, we observe a strong
negative selection against the presence of such cytosines
within TFBSs, especially in their core positions. Interest-
ingly, we find that repressors are more sensitive to the
presence of such cytosines in their binding sites.
This work is part of the FANTOM5 project. Data

downloads, genomic tools and co-published manuscripts
are collected at http://fantom.gsc.riken.jp/5/.

Results and discussion
Only a fraction of cytosines exhibits significant
correlation between methylation and expression profiles
of a corresponding TSS
It is well known that the level of cytosine methylation of
promoters is negatively correlated with gene expression
[71]; the role of methylation of particular CpGs in the
regulation of gene expression has been demonstrated in
the case of ESR1 [11]. The crucial role of the location of
methylated regions relative to TSSs is also widely ac-
cepted. The question whether methylation of a particular
cytosine may affect expression remains unanswered.

Figure 1 Schematic representation of the interaction between promoter methylation and transcription of the gene. In the absence of
DNA methylation, TFs can bind DNA allowing RNA polymerase to bind and to start the transcription. Panel a shows the following scenario: if
DNA becomes methylated, TFs are blocked from binding to DNA and therefore RNA polymerase is unable to bind and to initiate transcription.
Panel b shows the following scenario: chromatin modifications reduce the ability of TFs to bind DNA and therefore RNA polymerase is unable to
bind; the repressed condition of the chromatin is maintained by subsequent DNA methylation. PolII is shown as a maroon pie; nucleosome is
shown as a blue cylinder. Plain (solid) lollipops represent unmethylated (methylated) cytosines. TF is shown as an orange octagon. The green
hexagon and purple trapezoid are a methyl-binding domain and Policomb-group proteins, respectively. The brown triangle represents
an unknown repressor.

Medvedeva et al. BMC Genomics 2013, 15:119 Page 3 of 12
http://www.biomedcentral.com/1471-2164/15/119

Pol = RNA Polymerase; TF = Transcription factor
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Three different enzymes carry out 
CpG methylation in mammals 

de novo and maintenance

DNMT3A, DNMT3B de novo methylation, particularly 
important during development

2 4 |  JANUARY 2001 | VOLUME 2  www.nature.com/reviews/genetics
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Establishment.After erasure,de novomethylation begins
in both germ lines at late fetal stages, and continues after
birth41,50 (FIGS 3,4). Oocytes are in meiotic arrest and
methylation occurs during their growth47, whereas dur-
ing spermatogenesis, methylation occurs before meio-
sis44,45.Nuclear transplantation experiments indicate that
this DNA methylation coincides roughly with the acqui-
sition of functional imprints both for autosomal genes
and for X chromosome imprinting, at least in
oocytes47,51. It is not yet clear which enzymes are respon-
sible for de novo methylation in germ cells (BOX 2).
Dnmt1 (DNA methyltransferase 1) and its germ-cell-
specific isoforms are candidates52, but it is also possible
that Dnmt3a or Dnmt3b,which are required for de novo
methylation in postimplantation embryos53, carry out
this function in germ cells. It is also unclear how Dnmts
specifically target DMRs in either female or male germ
cells.DMRs in imprinted genes might be specifically tar-
geted for de novomethylation in one of the germ lines. It
is equally possible that there is general de novomethyla-
tion in both germ lines and that DMRs are specifically
protected from methylation in one germ line but not in
the other. In either case, this would require factors that
recognize DMRs and that are germline-specific. The
existence of such factors is supported by the observation
that deficiency of Dnmt1 causes loss of imprints post-
zygotically, and the imprints cannot be restored by
Dnmt1,Dnmt3a or Dnmt3b54.

DMRs are generally CpG rich and often fulfil the
criteria for CpG islands (see below). However, autoso-
mal CpG islands do not become methylated de novo.
So it is likely that imprinted DMRs are genetically or
epigenetically modified so that de novo methylation
can occur. Genetic modification has been previously
postulated to be due to stretches of unique direct
repeats that often flank DMRs24. More recent work has
shown that the repeats are not necessarily unique to
DMRs but that clusters of known repeat families, such

ing new insights about the role of methylation
imprints (for example, Cdkn1c requires a maternal
methylation imprint to be expressed; see below). In
addition to methylation imprints, differential replica-
tion of DNA is also apparently erased in both germ
lines; in the female germ line this coincides with
demethylation, but in the male germline it occurs
substantially later, after birth49.

Box 2 | DNA methylation and demethylation

DNA methylation in mammals occurs in the
dinucleotide CpG. Methyl groups can 
be introduced into unmethylated DNA by the
de novo methylation enzymes Dnmt3a and
Dnmt3b (and perhaps others). When DNA is
replicated, the methyl group on the template
strand is recognized and a new one is
introduced on the opposite (daughter) strand
by the enzyme Dnmt1, which can be associated
with the replication machinery. In the presence
of Dnmt1, hemi-methylated DNA becomes
fully methylated and so DNA methylation
patterns tend to be maintained (maintenance
methylation). Demethylation can occur in the
absence of Dnmt1 with continued rounds of
DNA replication (passive demethylation), as
well as actively (without DNA replication).
The nature of demethylases is unknown.
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Figure 2 | Characteristics of imprinted genes. The figure
shows a schematic pair of imprinted alleles. Hallmarks of
imprinted genes such as CpG islands and repeats (arrows)
are indicated. The enlarged region below the chromosomes
highlights the allele-specific epigenetic changes, such as
nucleosomal condensation through deacetylation, and
methylation (allele 1) and opening of the chromatin by
acetylation and demethylation (allele 2). The transcriptional
competence of allele 2 is indicated by the binding of a
transcription complex.
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Three different enzymes carry out 
CpG methylation in mammals 

de novo and maintenance

DNMT1 maintenance methylation, central for maintaining  
cellular identity 

2 4 |  JANUARY 2001 | VOLUME 2  www.nature.com/reviews/genetics
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Establishment.After erasure,de novomethylation begins
in both germ lines at late fetal stages, and continues after
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methylation occurs during their growth47, whereas dur-
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specific isoforms are candidates52, but it is also possible
that Dnmt3a or Dnmt3b,which are required for de novo
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specifically target DMRs in either female or male germ
cells.DMRs in imprinted genes might be specifically tar-
geted for de novomethylation in one of the germ lines. It
is equally possible that there is general de novomethyla-
tion in both germ lines and that DMRs are specifically
protected from methylation in one germ line but not in
the other. In either case, this would require factors that
recognize DMRs and that are germline-specific. The
existence of such factors is supported by the observation
that deficiency of Dnmt1 causes loss of imprints post-
zygotically, and the imprints cannot be restored by
Dnmt1,Dnmt3a or Dnmt3b54.
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mal CpG islands do not become methylated de novo.
So it is likely that imprinted DMRs are genetically or
epigenetically modified so that de novo methylation
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postulated to be due to stretches of unique direct
repeats that often flank DMRs24. More recent work has
shown that the repeats are not necessarily unique to
DMRs but that clusters of known repeat families, such

ing new insights about the role of methylation
imprints (for example, Cdkn1c requires a maternal
methylation imprint to be expressed; see below). In
addition to methylation imprints, differential replica-
tion of DNA is also apparently erased in both germ
lines; in the female germ line this coincides with
demethylation, but in the male germline it occurs
substantially later, after birth49.

Box 2 | DNA methylation and demethylation

DNA methylation in mammals occurs in the
dinucleotide CpG. Methyl groups can 
be introduced into unmethylated DNA by the
de novo methylation enzymes Dnmt3a and
Dnmt3b (and perhaps others). When DNA is
replicated, the methyl group on the template
strand is recognized and a new one is
introduced on the opposite (daughter) strand
by the enzyme Dnmt1, which can be associated
with the replication machinery. In the presence
of Dnmt1, hemi-methylated DNA becomes
fully methylated and so DNA methylation
patterns tend to be maintained (maintenance
methylation). Demethylation can occur in the
absence of Dnmt1 with continued rounds of
DNA replication (passive demethylation), as
well as actively (without DNA replication).
The nature of demethylases is unknown.
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Figure 2 | Characteristics of imprinted genes. The figure
shows a schematic pair of imprinted alleles. Hallmarks of
imprinted genes such as CpG islands and repeats (arrows)
are indicated. The enlarged region below the chromosomes
highlights the allele-specific epigenetic changes, such as
nucleosomal condensation through deacetylation, and
methylation (allele 1) and opening of the chromatin by
acetylation and demethylation (allele 2). The transcriptional
competence of allele 2 is indicated by the binding of a
transcription complex.
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Establishment.After erasure,de novomethylation begins
in both germ lines at late fetal stages, and continues after
birth41,50 (FIGS 3,4). Oocytes are in meiotic arrest and
methylation occurs during their growth47, whereas dur-
ing spermatogenesis, methylation occurs before meio-
sis44,45.Nuclear transplantation experiments indicate that
this DNA methylation coincides roughly with the acqui-
sition of functional imprints both for autosomal genes
and for X chromosome imprinting, at least in
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specific isoforms are candidates52, but it is also possible
that Dnmt3a or Dnmt3b,which are required for de novo
methylation in postimplantation embryos53, carry out
this function in germ cells. It is also unclear how Dnmts
specifically target DMRs in either female or male germ
cells.DMRs in imprinted genes might be specifically tar-
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is equally possible that there is general de novomethyla-
tion in both germ lines and that DMRs are specifically
protected from methylation in one germ line but not in
the other. In either case, this would require factors that
recognize DMRs and that are germline-specific. The
existence of such factors is supported by the observation
that deficiency of Dnmt1 causes loss of imprints post-
zygotically, and the imprints cannot be restored by
Dnmt1,Dnmt3a or Dnmt3b54.
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So it is likely that imprinted DMRs are genetically or
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postulated to be due to stretches of unique direct
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ing new insights about the role of methylation
imprints (for example, Cdkn1c requires a maternal
methylation imprint to be expressed; see below). In
addition to methylation imprints, differential replica-
tion of DNA is also apparently erased in both germ
lines; in the female germ line this coincides with
demethylation, but in the male germline it occurs
substantially later, after birth49.

Box 2 | DNA methylation and demethylation

DNA methylation in mammals occurs in the
dinucleotide CpG. Methyl groups can 
be introduced into unmethylated DNA by the
de novo methylation enzymes Dnmt3a and
Dnmt3b (and perhaps others). When DNA is
replicated, the methyl group on the template
strand is recognized and a new one is
introduced on the opposite (daughter) strand
by the enzyme Dnmt1, which can be associated
with the replication machinery. In the presence
of Dnmt1, hemi-methylated DNA becomes
fully methylated and so DNA methylation
patterns tend to be maintained (maintenance
methylation). Demethylation can occur in the
absence of Dnmt1 with continued rounds of
DNA replication (passive demethylation), as
well as actively (without DNA replication).
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Figure 2 | Characteristics of imprinted genes. The figure
shows a schematic pair of imprinted alleles. Hallmarks of
imprinted genes such as CpG islands and repeats (arrows)
are indicated. The enlarged region below the chromosomes
highlights the allele-specific epigenetic changes, such as
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Methylates Cytosine adjacent to 
5-methylcytosine in newly 
synthesized DNA strands of 
dividing cells

Reik & Walter 2001 Nature Review Genetics

Epigenetic marks: DNA is not naked 
Distinct chromatin configurations give rise to diverse phenotypes

Allis et al 2015

Histone 
modifications

DNA methylation

Histone modifications 

• Chromatin polymer is composed of 
nucleosome units 

• Each unit consists of an octamer of 
core histone proteins wrapped by 
147bp of DNA

Allis et al 2015



Histone Modifications 
>50 different kinds of post-transcriptional modifications

• Majority of know covalent modifications occur 
on histone tails (some do occur in globular 
domains) 

• Many occur at specific sites and residues

Allis et al 2015

Histone Acetylation 
Usually associated with activation of gene expression

Verdin & Ott (2015) Nature Reviews Molecular Cell Biology

https://www.youtube.com/watch?v=BD6h-wDj7bw

X-chromosome inactivation 
Example of epigenetic mechanisms

accessibility (ExtendedData Fig. 3a), lowermethylation (ExtendedData
Fig. 3b) and higher transcription factor binding (ExtendedData Fig. 2c)
than enhancers lacking H3K27ac. In a subset of 7 epigenomes with an
average of 24 epigenomic marks, we learned separate 50-state chro-
matin state models based on all the available histone marks and DNA
accessibility in each epigenome (Supplementary Fig. 4), which addi-
tionally distinguished: a DNase state with distinct transcription factor
binding enrichments (Supplementary Fig. 4f), including formediator/
cohesin components43 (even thoughCTCFwasnot included as an input

track to learn themodel) and repressorNRSF; transcribed states show-
ingH3K79me1 andH3K79me2 and associatedwith the 59 ends of genes
and introns; and a large number of putative regulatory and neighbour-
ing regions showing diverse acetylation marks even in the absence of
the H3K4 methylation signatures characteristic of enhancer and pro-
moter regions.
We used chromatin states to study the relationship between histone

modification patterns, RNA expression levels, DNA methylation and
DNA accessibility. Consistent with previous studies19,23,44,45, we found
low DNA methylation and high accessibility in promoter states, high
DNAmethylation and low accessibility in transcribed states, and inter-
mediateDNAmethylation andaccessibility in enhancer states (Fig. 4d, e
and Extended Data Fig. 3a, b). These differences in methylation level
were stronger for higher-expression genes than for lower-expression
genes, leading toamorepronouncedDNAmethylationprofile (Extended
Data Fig. 3c, Supplementary Fig. 5 and SupplementaryTable 4f).Genes
proximal toH3K27ac-markedenhancers showsignificantlyhigher expres-
sion levels (ExtendedData Fig. 3d), and conversely, higher-expression
genes were significantly more likely to be neighbouring H3K27ac-
containing enhancers (Extended Data Fig. 3e).
Chromatin states sometimes captured differences in RNA express-

ion that aremissed byDNAmethylation or accessibility. For example,
TxFlnk, Enh, TssBiv and BivFlnk states show similar distributions of
DNA accessibility but widely differing enrichments for expressed genes
(Fig. 4c, d). Enh and ReprPC states show intermediate DNAmethyla-
tion, but very different distributions ofDNAaccessibility and different
enrichments for expressed genes (Fig. 4c–e). Lack of DNAmethylation,
typically associatedwith de-repression, is associatedwith both the active
TssApromoter state and thebivalentTssBiv andBivFlnk states. Bivalent
states TssBiv and BivFlnk also show overall lower DNA methylation
and higherDNA accessibility than enhancer states Enh and EnhG, and
binding by both activating and repressive regulatory factors (Extended
Data Fig. 2b). These results also held for alternative methylation mea-
surement platforms (ExtendedData Fig. 4a–c), and for the 18-state chro-
matin state model (Extended Data Fig. 4d, e). Overall, these results
highlight the complex relationship between DNA methylation, DNA
accessibility andRNA transcription and the value of interpretingDNA
methylation and DNA accessibility in the context of integrated chro-
matin states that better distinguish active and repressed regions.
Given the intermediate methylation levels of tissue-specific enhan-

cer regions, we directly annotated intermediate methylation regions,
based on 25 complementary DNA methylation assays of MeDIP31,46

andMRE-seq22,39 from9 reference epigenomes47. This resulted inmore
than 18,000 intermediatemethylation regions, showing 57%CpGmeth-
ylation on average, that are strongly enriched in genes, enhancer chro-
matin states (EnhBiv, EnhG, Enh) and evolutionarily conserved regions.
Intermediate methylation was associated with intermediate levels of
active histonemodifications and DNase I hypersensitivity. Near TSSs,
intermediate methylation correlated with intermediate gene expres-
sion, and in exons it was associated with an intermediate level of exon
inclusion47. Intermediate methylation signatures were equally strong
within tissue samples, peripheral blood andpurified cell types, suggest-
ing that intermediate methylation is not simply reflecting differential
methylation between cell types, but probably reflects a stable state of
cell-to-cell variability within a population of cells of the same type.

Epigenomic differences during lineage specification
We next studied the relationship between DNA methylation dynam-
ics and histone modifications across 95 epigenomes with methylation
data, extendingprevious studies that focusedon individual lineages19,48–50.
We found that the distribution of methylation levels for CpGs in some
chromatin states varied significantly across tissue and cell type (Fig. 4g,
Extended Data Fig. 4f and Supplementary Table 4a). For example,
TssAFlnk states were largely unmethylated in terminally differentiated
cells and tissues, but frequently methylated for several pluripotent and
embryonic-stem-cell-derived cells (Bonferroni-correctedF-testP, 0.01);
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Figure 3 | Epigenomic information across tissues and marks. a, Chromatin
state annotations across 127 reference epigenomes (rows, Fig. 2) in a,3.5-Mb
region on chromosome 9. Promoters are primarily constitutive (red vertical
lines), while enhancers are highly dynamic (dispersed yellow regions).
b, Signal tracks for IMR90 showing RNA-seq, a total of 28 histonemodification
marks, whole-genome bisulfite DNA methylation, DNA accessibility, digital
genomic footprints (DGF), input DNA and chromatin conformation
information72. c, Individual epigenomic marks across all epigenomes in which
they are available.d, Relationship of figurepanels highlights data set dimensions.
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Tissues can be described in terms 
of their epigenome 

Vastly more complex than description of genomic DNA sequence

Roadmap Epigenomics Consortium 2015 Nature

~3.5-Mb region on chromosome 9 



Tissues have unique epigenomes 
(chromatin states) 

expression. In addition,we study the role of regulatory regions in human
disease by relating our epigenomic annotations to genetic variants asso-
ciated with common traits and disorders. These analyses demonstrate
the importance andwide applicability of our data resource, and lead to
important insights into epigenomics, differentiation and disease. Specific
highlights of our findings are given below.
. Histone mark combinations show distinct levels of DNA methyla-
tion and accessibility, and predict differences in RNA expression
levels that are not reflected in either accessibility or methylation.

. Megabase-scale regions with distinct epigenomic signatures show
strong differences in activity, gene density and nuclear lamina asso-
ciations, suggesting distinct chromosomal domains.

. Approximately 5% of each reference epigenome shows enhancer and
promoter signatures, which are twofold enriched for evolutionarily
conserved non-exonic elements on average.

. Epigenomic data sets can be imputed at high resolution from exist-
ing data, completing missing marks in additional cell types, and
providing a more robust signal even for observed data sets.

. Dynamics of epigenomic marks in their relevant chromatin states
allow a data-driven approach to learn biologically meaningful rela-
tionships between cell types, tissues and lineages.

. Enhancerswith coordinated activity patterns across tissues are enriched
for common gene functions and human phenotypes, suggesting that
they represent coordinately regulated modules.

. Regulatorymotifs are enriched in tissue-specific enhancers, enhancer
modules and DNA accessibility footprints, providing an important
resource for gene-regulatory studies.

.Genetic variants associatedwithdiverse traits showepigenomic enrich-
ments in trait-relevant tissues, providing an important resource for
understanding the molecular basis of human disease.

Referenceepigenomemappingacross tissuesandcell types
The REMCs generated a total of 2,805 genome-wide data sets, includ-
ing 1,821 histonemodification data sets, 360DNAaccessibility data sets,

277 DNA methylation data sets, and 166 RNA-seq data sets, encom-
passing a total of 150.21 billionmapped sequencing reads correspond-
ing to 3,174-fold coverage of the human genome.
Here, we focus on a subset of 1,936 data sets (Fig. 2) comprising 111

reference epigenomes (Fig. 2a–d), which we define as having a core set
of five histonemodification marks (Fig. 2e). The five marks consist of:
histone H3 lysine 4 trimethylation (H3K4me3), associated with pro-
moter regions10,24; H3 lysine 4 monomethylation (H3K4me1), associ-
atedwith enhancer regions10;H3 lysine 36 trimethylation (H3K36me3),
associated with transcribed regions; H3 lysine 27 trimethylation
(H3K27me3), associated with Polycomb repression25; and H3 lysine 9
trimethylation (H3K9me3), associatedwithheterochromatin regions26.
Selected epigenomes also contain a subset of additional epigenomic
marks, including: acetylationmarksH3K27ac andH3K9ac, associated
with increased activationof enhancer andpromoter regions27–29 (Fig. 2f);
DNase hypersensitivity7,18, denoting regions of accessible chromatin
commonly associated with regulator binding (Fig. 2g); DNAmethyla-
tion, typically associatedwith repressed regulatory regions or active gene
transcripts4,30 and profiled using whole-genome bisulfite sequencing
(WGBS)19, reduced-representation bisulfite sequencing (RRBS)20, and
mCRF-combined31methylation-sensitive restriction enzyme (MRE)22

and immunoprecipitation based21 assays (Fig. 2h); and RNA expres-
sion levels8,measuredusingRNA-seq and gene expressionmicroarrays
(Fig. 2i). Our definition of 111 reference epigenomes is very similar to
that usedby the InternationalHumanEpigenomeConsortium (IHEC),
which required RNA-seq, WGBS and H3K27ac that are only available
in a subset of epigenomes here. Lastly, an additional 16 histone modi-
fication marks on average were profiled across 7 deeply covered cell
types (Fig. 2j).
We jointly processed and analysed our 111 reference epigenomes

with16additional epigenomes fromENCODE9,23.Wegeneratedgenome-
wide normalized coverage tracks, peaks and broad enriched domains
forChIP-seq andDNase-seq7,32, normalized gene expression values for
RNA-seq33, and fractional methylation levels for each CpG site31,34,35.
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Figure 1 | Tissues and cell types profiled in the Roadmap Epigenomics
Consortium. Primary tissues and cell types representative of all major lineages
in the human body were profiled, including multiple brain, heart, muscle,
gastrointestinal tract, adipose, skin and reproductive samples, as well as

immune lineages, ES cells and iPS cells, and differentiated lineages derived from
ES cells. Box colours match groups shown in Fig. 2b. Epigenome identifiers
(EIDs, Fig. 2c) for each sample are shown in Extended Data Fig. 1.
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accessibility (ExtendedData Fig. 3a), lowermethylation (ExtendedData
Fig. 3b) and higher transcription factor binding (ExtendedData Fig. 2c)
than enhancers lacking H3K27ac. In a subset of 7 epigenomes with an
average of 24 epigenomic marks, we learned separate 50-state chro-
matin state models based on all the available histone marks and DNA
accessibility in each epigenome (Supplementary Fig. 4), which addi-
tionally distinguished: a DNase state with distinct transcription factor
binding enrichments (Supplementary Fig. 4f), including formediator/
cohesin components43 (even thoughCTCFwasnot included as an input

track to learn themodel) and repressorNRSF; transcribed states show-
ingH3K79me1 andH3K79me2 and associatedwith the 59 ends of genes
and introns; and a large number of putative regulatory and neighbour-
ing regions showing diverse acetylation marks even in the absence of
the H3K4 methylation signatures characteristic of enhancer and pro-
moter regions.
We used chromatin states to study the relationship between histone

modification patterns, RNA expression levels, DNA methylation and
DNA accessibility. Consistent with previous studies19,23,44,45, we found
low DNA methylation and high accessibility in promoter states, high
DNAmethylation and low accessibility in transcribed states, and inter-
mediateDNAmethylation andaccessibility in enhancer states (Fig. 4d, e
and Extended Data Fig. 3a, b). These differences in methylation level
were stronger for higher-expression genes than for lower-expression
genes, leading toamorepronouncedDNAmethylationprofile (Extended
Data Fig. 3c, Supplementary Fig. 5 and SupplementaryTable 4f).Genes
proximal toH3K27ac-markedenhancers showsignificantlyhigher expres-
sion levels (ExtendedData Fig. 3d), and conversely, higher-expression
genes were significantly more likely to be neighbouring H3K27ac-
containing enhancers (Extended Data Fig. 3e).
Chromatin states sometimes captured differences in RNA express-

ion that aremissed byDNAmethylation or accessibility. For example,
TxFlnk, Enh, TssBiv and BivFlnk states show similar distributions of
DNA accessibility but widely differing enrichments for expressed genes
(Fig. 4c, d). Enh and ReprPC states show intermediate DNAmethyla-
tion, but very different distributions ofDNAaccessibility and different
enrichments for expressed genes (Fig. 4c–e). Lack of DNAmethylation,
typically associatedwith de-repression, is associatedwith both the active
TssApromoter state and thebivalentTssBiv andBivFlnk states. Bivalent
states TssBiv and BivFlnk also show overall lower DNA methylation
and higherDNA accessibility than enhancer states Enh and EnhG, and
binding by both activating and repressive regulatory factors (Extended
Data Fig. 2b). These results also held for alternative methylation mea-
surement platforms (ExtendedData Fig. 4a–c), and for the 18-state chro-
matin state model (Extended Data Fig. 4d, e). Overall, these results
highlight the complex relationship between DNA methylation, DNA
accessibility andRNA transcription and the value of interpretingDNA
methylation and DNA accessibility in the context of integrated chro-
matin states that better distinguish active and repressed regions.
Given the intermediate methylation levels of tissue-specific enhan-

cer regions, we directly annotated intermediate methylation regions,
based on 25 complementary DNA methylation assays of MeDIP31,46

andMRE-seq22,39 from9 reference epigenomes47. This resulted inmore
than 18,000 intermediatemethylation regions, showing 57%CpGmeth-
ylation on average, that are strongly enriched in genes, enhancer chro-
matin states (EnhBiv, EnhG, Enh) and evolutionarily conserved regions.
Intermediate methylation was associated with intermediate levels of
active histonemodifications and DNase I hypersensitivity. Near TSSs,
intermediate methylation correlated with intermediate gene expres-
sion, and in exons it was associated with an intermediate level of exon
inclusion47. Intermediate methylation signatures were equally strong
within tissue samples, peripheral blood andpurified cell types, suggest-
ing that intermediate methylation is not simply reflecting differential
methylation between cell types, but probably reflects a stable state of
cell-to-cell variability within a population of cells of the same type.

Epigenomic differences during lineage specification
We next studied the relationship between DNA methylation dynam-
ics and histone modifications across 95 epigenomes with methylation
data, extendingprevious studies that focusedon individual lineages19,48–50.
We found that the distribution of methylation levels for CpGs in some
chromatin states varied significantly across tissue and cell type (Fig. 4g,
Extended Data Fig. 4f and Supplementary Table 4a). For example,
TssAFlnk states were largely unmethylated in terminally differentiated
cells and tissues, but frequently methylated for several pluripotent and
embryonic-stem-cell-derived cells (Bonferroni-correctedF-testP, 0.01);
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Figure 3 | Epigenomic information across tissues and marks. a, Chromatin
state annotations across 127 reference epigenomes (rows, Fig. 2) in a,3.5-Mb
region on chromosome 9. Promoters are primarily constitutive (red vertical
lines), while enhancers are highly dynamic (dispersed yellow regions).
b, Signal tracks for IMR90 showing RNA-seq, a total of 28 histonemodification
marks, whole-genome bisulfite DNA methylation, DNA accessibility, digital
genomic footprints (DGF), input DNA and chromatin conformation
information72. c, Individual epigenomic marks across all epigenomes in which
they are available.d, Relationship of figurepanels highlights data set dimensions.
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Epigenetic differences arise over life time 
Interactions with the environment

we performed ANOVA (see Table 4, which is published as sup-
porting information on the PNAS web site). ANOVA was used to
compare two parameters: individual epigenetic values, to compare
epigenetic variability in the entire population, and ESD between
twins, as a measure of variability between twin pairs. First, we
analyzed the descriptive epigenetic values for each individual and
compared it with the rest of the population, organized into young
(!28 years old) vs. old ("28 years old) age-groups. Statistical
analysis of individual descriptive parameters provides information
about variability within the whole population and in the two age
groups. Second, we used the ESD to test whether older vs. younger
MZ twins are significantly more different within their pairs. We
found that the epigenetic variability among individuals is high and
similar (see Table 5, which is published as supporting information
on the PNAS web site), regardless of the age group to which
individuals belong (Pearson test, P " 0.05). In contrast, the variance
corresponding to the ESD in the older MZ twin group is signifi-
cantly higher than that obtained for the younger group (Pearson
test, P ! 0.05). These results suggest that older twins are epige-
netically more different between pairs than younger twins, and this
difference is not associated with an increased variance in the
descriptive epigenetic parameters of the older population.

Finally, we also found that those twin pairs who, according to the
questionnaire, had spent less of their lifetime together and!or had
a more different natural health–medical history were those who
also showed the greatest differences in levels of 5mC DNA and
acetylation of histones H3 and H4 levels (Pearson test, P ! 0.05).

Genomic Screening and Loci Identification of DNA Methylation Dif-
ferences in MZ Twin Pairs. We next examined where in the MZ twin
genomes these epigenetic differences arose by using a global
methylation DNA fingerprinting technique, AIMS (9). The AIMS
approach provides a methylation fingerprint constituted by multiple
anonymous bands or tags, representing DNA sequences flanked by
two methylated sites, which can be isolated. An illustrative AIMS
result in a MZ twin pair is shown in Fig. 2A. Approximately 600
AIMS bands were resolved in the gels, and we found that between
0.5% and 35% of the bands were different (on the basis of their
presence or absence) within MZ twin pairs. Those MZ twins with
the most differential AIMS bands were those with the greatest
differences in 5mC DNA levels and acetylation levels of histones H3
and H4 (Pearson test, P ! 0.05). Most importantly, the twin pairs
with the most differential AIMS bands corresponded to MZ twins
who were older, had spent less of their lifetimes together, or had
different natural health–medical histories (Pearson test, P ! 0.05).

We then selected a subset of 53 AIMS bands differentially
present in MZ twin pairs for further characterization. These bands
were cloned, sequenced, and blasted against multiple sequence
databases. We found that 43% (23 of 53) of the clones matched Alu
sequences (mainly from the Alu 6, Alu 7, and Alu 8 subfamilies),
9% (5 of 53) matched other repetitive sequences (2 LINEs, 2 MER,
and 1 MIR), 34% (18 of 53) matched ESTs deposited in databases,
and 13% (7 of 53) of the clones corresponded to identified

single-copy genes. To confirm that these sequences featured DNA
methylation differences in the twins, we carried out bisulfite
genomic sequencing of multiple clones. The analysis of four dif-
ferent Alu sequences and two single-copy genes demonstrated that
in those MZ twin pairs from which they were isolated, one sibling
had dense CpG hypermethylation, whereas the other was predom-
inantly hypomethylated at that particular sequence (Fig. 2B). Most
importantly, for both Alus and single-copy genes, differential
methylation was associated with a different expression of that
particular sequence in the MZ twin pair, the presence of DNA
methylation being associated with silencing or reduced expression.
Table 1 summarizes the results.

Fig. 3. Mapping chromosomal regions with differential DNA methylation in
MZ twins by using comparative genomic hybridization for methylated DNA.
Competitive hybridization onto normal metaphase chromosomes of the AIMS
products generated from 3- and 50-year-old twin pairs. Examples of the hybrid-
ization of chromosomes 1, 3, 12, and 17 are displayed. The 50-year-old twin pair
shows abundant changes in the pattern of DNA methylation observed by the
presence of green and red signals that indicate hypermethylation and hypom-
ethylation events, whereas the 3-year-old twins have a very similar distribution of
DNAmethylation indicatedbythepresenceof theyellowcolorobtainedbyequal
amounts of the green and red dyes. Significant DNA methylation changes are
indicated as thick red and green blocks in the ideograms.

Table 1. Summary of DNA sequences with methylation changes identified by AIMS in MZ twin pairs

Locus Accession Function Chr. loc.
No.

CpGs

CpG methylation,* %

Twin A Twin B Change

Alu-Sx AC006271 — 19p13.2 30 72.1 55.3 16.8
Alu-Sp U14572 — 19p13#3 17 68.1 29.9 38.2
Alu-E2F3 AF547386 — 6p22 2 81.8 100 18.2
PKD1P2 NG!002795 Polycystic kidney disease 1 16p13 7 90.9 83.5 7.4
Alu-Sc U14571 — 8p11#1 4 66.6 63.3 3.3
GUK1 BC006249 Guanylate kinase 1 1q42 18 2.8 9.7 6.9

Chr. loc., chromosome location; —, unknown.
*Twelve clones per locus.
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Epigenetic drift is an indicator of age

MassArray (Sequenom) for the Edaradd gene and by pyrosequenc-
ing for NPTX2 and Tom1L1. For NPTX2, the pyrosequencing
method provided methylation data for five additional CpG sites in
the promoter. The results of the validation experiments correlated
very strongly with the array data for all three genes (Edaradd
r=0.96, NPTX2 r=0.92, Tom1L1 r=0.90, n=23), providing a
technical replication of the array data in the twin sample. The
correlation between the degree of methylation and age of all three
genes was preserved in the subset of twins and was also found in the
independent male sample, providing a biological replication. In
females, Edaradd and Tom1L1 were significantly correlated with
age, but NPTX2 was not. The correlation results are shown in
Figure 2. A multivariate linear regression model using Edaradd,
Edaradd squared and NPTX2 showed that these two markers
explain 76% (or R2 = 0.76) of the variance in age of males and 70%
in females. When considering males and females together the model
explained 73% of the variance in age.

A leave-one-out analysis forms an accurate epigenetic
predictor of age
To provide an unbiased estimate of predictive accuracy for age,

we used a leave-one-out analysis where the multivariate regression

model was fit on all but one subject and its prediction was related
to the truly observed age of the left-out subject. The predicted
values are highly correlated with the observed age in males
(r=0.83, p=3.3610213, n=47, Figure S2), females (r=0.75,
p=2.461024, n=19, Figure S3), and in the combined sample
(r=0.83, p=2.2610216, n=66, Figure 3). For the male only or
female only models, the average absolute differences between the
predicted and the observed age (the error) are 5.3 years and 6.2
years, and for the combined sample this is 5.2 years. Even when
only the male and female replication samples were used,
discarding all twin data, the accuracy of the model remained at
5.3 years, and the predicted values correlated highly with the
observed age (r=0.85, p= 1.701610213, n=45, Figure S4).
To test whether additional data points on the microarray could

improve the accuracy of the model, we performed lasso penalized
regression to screen for the top predictors of age [13,14]. The top
five predictors were tested, and only three were found to
contribute significantly to the regression model: Edaradd, NPTX2,
and ELN. The first two predictors were already part of the model.
Using the microarray methylation data for these two genes, the
average error is 4.7 years (r=0.77, p=1.029610207, n=34).
Adding the ELN methylation data improved the accuracy of our
model, reducing the average error to 3.5 years (r=0.87,
p=2.2610211, n=34, Figure S5). Results were nearly identical
when all twin samples were treated as unrelated individuals, and
when averaged values for each pair were used. The distribution of
methylation values for ELN was considered too narrow for further
validation using pyrosequencing or MassArray analysis.

Discussion

In this high density, genomewide screen of CpG methylation of
twins, we identified 88 CpG sites near 80 genes for which the
percent methylation in saliva is significantly correlated with age.
These are highly enriched for genes known to influence age-
related diseases—mainly cardiovascular and neurological disease.
Ten of these 88 CpG sites were shown earlier to be correlated with
age in whole blood and in isolated CD4+ and CD14+ cells as well
[8]. We validated three genes in a sample of unrelated males and
females, which confirmed our findings in these replicate samples.
Remarkably, the methylation values for the validated genes are
linear with age over a span of five decades and in three separate
sample sets. Based on this observation, we were able to build a
model that can predict the age of a subject based on the
methylation status of just two cytosines in the genome, explaining
73% of the variance in age.
Of the validated genes, Neuronal Pentraxin II (NPTX2)

methylation has been shown to be upregulated in pancreatic
cancer [15], and its expression is increased in Parkinson’s disease
[16]. Its methylation status was recently shown to be correlated
with age in blood as well [8]. Mutations in the Edar associated
death domain (Edaradd) can cause loss of hair, sweat glands, and
teeth [17], and it can reduce the speed of wound healing [18].
Further research should focus on their role in ageing, and age-
related diseases.
The lack of epigenetic drift within each monozygotic pair

contrasts with a previous study [3]. The main difference between
the two studies is that we focused on CpG sites close to functional
gene transcription start sites whereas Fraga and colleagues
investigated random sites, most of which were located in non-
functional repeated sequences (e.g., Alu repeats). This suggests that
while drift may occur randomly with age in non-coding, repeat-
rich DNA regions, the critical regulatory portions of the genome
remain under strict epigenetic control throughout life.

Figure 2. Percentage methylation versus age for three markers
validated in three sample sets. Original twin samples are blue, male
control samples are red, female control samples green. Linear trendlines
are shown in the colors of the individual sample sets a) Edaradd
r=20.81 (twins), r=20.73 (male controls), r=20.75 (female controls)
b) NPTX2 r= 0.52 (twins), r= 0.79 (male controls), r= 0.03 (female
controls) c) Tom1L1 r=20.70 (twins), r =20.49 (male controls),
r=20.24 (female controls).
doi:10.1371/journal.pone.0014821.g002
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We validated this model on the secondary cohort, consisting
of an additional 174 independent samples. These samples
were processed in the same manner as the primary cohort and
were then used to predict age based on the original model
(i.e., as trained on the original cohort). The predictions were
highly accurate, with a correlation between age and predicted
age of 91%and an error of 4.9 years (Figure 2C). The significance
of the aging model was also confirmed by the data set presented
in Heyn et al., verifying the age association of 70 of the 71
markers (Heyn et al., 2012). Furthermore, the model was able
to fully separate old and young individuals in the Heyn et al.
study, even for profiles obtained via bisulfate sequencing rather
than the bead-chip technology used in this study (Figure S2).

Methylome Aging Rate and Its Associations
While the aging model is able to predict the age of most individ-
uals with high accuracy, it is equally valuable as a tool for identi-
fying individual outliers who do not follow the expectation. For

example, Figure 2B highlights two individuals whose age is
vastly over- or underpredicted on the basis of their methylation
data. To examine whether these differences reflect true biolog-
ical differences in the state of the individual (i.e., versusmeasure-
ment error or intrinsic variability), we used the aging model to
quantify each individual’s apparent methylomic aging rate
(AMAR), defined as the ratio of the predicted age, based on
methylation data, to the chronological age. We then tested for
associations between AMAR and possibly relevant clinical
factors, including gender and BMI. Analysis of ethnicity and
diabetes status was not possible due to correlations with batch
variables (Figure S3). We found that gender, but not BMI had
significant contributions to aging rate (F test, p = 6 3 10!6,
p > 0.05, Experimental Procedures). The methylome of men
appeared to age approximately 4% faster than that of women
(Figure 2D), even though the overall distributions of age were
not significantly different between the men and women in the
cohort (p > 0.05, KS test). Likewise, the validation cohort
confirmed the increased aging rate for men (p < 0.05), but was
inconclusive for BMI (p > 0.05). This complements a previous
finding of an epigenetic signal for BMI that does not change
with age (Feinberg et al., 2010).
As genetic associations have been previously reported with

human longevity and aging phenotypes (Atzmon et al., 2006;
Suh et al., 2008; Willcox et al., 2008; Wheeler et al., 2009), we
examined whether the model could distinguish aging rates for
individuals with different genetic variants. For this purpose, we
obtained whole-exome sequences for 252 of the individuals in
our methylome study at 153 coverage. After sequence process-
ing and quality control, these sequences yielded 10,694
common single-nucleotide variants across the population
(Experimental Procedures). As a negative control, we confirmed
that none of the genetic variants were significant predictors of
age itself, which is to be expected since the genome sequence
is considered to be relatively static over the course of a lifetime.
On the other hand, one might expect to find genetic variants that
modulate the methylation of age-associated markers, i.e., meth-
ylation quantitative-trait loci ormeQTLs (Bell et al., 2011). Testing
each genetic variant for association with the top age-associated
methylation markers, we identified 303 meQTLs (Experimental
Procedures, FDR < 0.05, Figure 3A). For validation, we selected
eight genetic variants (corresponding to 14 meQTLs) to test in
a validation cohort of 322 individuals from our methylation study.
This analysis found that seven of eight genetic variants (corre-
sponding to seven meQTLs) remained highly significant in the
validation cohort (FDR < 0.05, Table S4). While all of these vari-
ants acted in cis with their meQTLs (within 150 kbp), we
confirmed that none directly modified the CpG site or associated
probe sequence of the associated methylation marker.
The methylation marker cg27193080 was one of those found

to be significantly associated with age (p < 10!17), and its meth-
ylation fraction was found to be influenced by the single-nucleo-
tide polymorphism (SNP) variant rs140692 (p<10!21) (Figure 3B).
This meQTL was particularly interesting as both the SNP and the
methylation marker mapped to the gene methyl-CpG binding
domain protein 4 (MBD4, with the SNP in an intron and the meth-
ylationmarker just upstream of the coding region), one of the few
known genes encoding a protein that can bind to methylated

Figure 2. Model Predictions and Clinical Variables
(A) A flow chart of the data (green boxes) and analyses (red ovals) used to

generate aging predictions (blue boxes).

(B) A comparison of predicted and actual ages for all individuals based on the

aging model.

(C) Out-of-sample predictions for individuals in the validation cohort.

(D) Apparent methylomic aging rate (AMAR) for each individual, based on the

aging model without clinical variables. The distribution of aging rates shows

faster aging for men than women. A table of the markers used in the aging

model is provided in Table S3.

See also Figures S2 and S3 and Table S3.
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DNA. This meQTL thus captures a cis relationship in which
rs140692 influences the methylation state of MBD4. That
MBD4 plays a role in human aging is supported by previous
work linking MBD4 to DNA repair, as well as work showing that
mutations and knockdowns ofMBD4 lead to increased genomic
instability (Bellacosa et al., 1999; Bertoni et al., 2009).

Of the seven validated meQTLs, three were identified that had
a statistically significant association not only with age but also
with aging rate (AMAR, FDR < 0.05, Figures 3B and 3C). One is
the genetic marker rs2230534, which is a synonymous mutation
in the gene NEK4, and has a cis association with the methylation
marker cg18404041. The NEK family of kinases plays a key role
in cell-cycle regulation and cancer (Moniz et al., 2011). The
second variant is rs2818384, which is a synonymous mutation
in the gene JAKMIP3 and has a cis association with the methyl-
ation marker cg05652533. Copy-number variants in JAKMIP3
have been previously associated with glioblastoma (Xiong
et al., 2010). The final variant found to influence AMAR is
rs42663, which is a missense mutation in the gene GTPBP10
and associates with cg27367526 in the gene STEAP2. STEAP2
is known to play a role in maintaining homeostasis of iron and
copper—metals that serve as essential components of the mito-
chondrial respiratory chain (Ohgami et al., 2006). Studies have
shown that perturbations of iron concentrations can induce

DNA damage through oxidative stress in mammalian cells (Hart-
wig and Schlepegrell, 1995; Karthikeyan et al., 2002). These
meQTLs represent genetic variants that appear to broadly influ-
ence the aging methylome and may be good candidates for
further age-associated disease and longevity research.

A Multitissue Diagnostic
Our aging model was derived from whole blood, which is advan-
tageous in the design of practical diagnostics and for testing
samples collected from other studies. To investigate whether
our aging model was representative of other tissues, we ob-
tained DNA methylation profiles for 368 individuals in the control
category of The Cancer Genome Atlas (TCGA) (Collins and
Barker, 2007), including 83 breast, 183 kidney, 60 lung, and 42
skin samples. An aging model based on both our primary and
validation cohorts demonstrated strong predictive power for
chronological age in these samples (expected value R = 0.72),
although each tissue had a clear linear offset (intercept and
slope) from the expectation (Figure 4A). This offset was consis-
tent within a tissue, even across different batches of the TCGA
data. We adjusted for each tissue trend using a simple linear
model, producing age predictions with an error comparable to
that found in blood (Figure 4B). Furthermore, predicted AMARs

Figure 4. Multitissue Support
(A) Predictions of age made by the full aging model on the TCGA control

samples. There is a high correlation between chronological and predicted age,

but each tissue has a different linear intercept and slope.

(B) After adjusting the intercept and slope of each tissue, the error of the model

is similar to that of the original whole-blood data. Age predictions made on

cancer samples are presented in Figure S2.

(C) Age predictions made on matched normal and tumor samples from TCGA.

Predictions are adjusted for the linear offset of the parent tissue (breast,

kidney, lung, or skin).

(D) Tumor samples show a significant increase in AMAR.

See also Figure S4 and Table S5.

Figure 3. Genetic Effects on Methylomic Aging
(A) We surveyed genomic variants for an association with age-associated

methylation markers. Eight genetic variants, corresponding to 14 meQTLs,

were chosen for validation. Of these, seven were significant in the validation

cohort and two showed an association with AMAR.

(B) A plot of the trend between the methylation marker cg27367526 (STEAP2)

and age. The state of variant rs42663 (GTPBP10) causes an offset in this

relationship.

(C) A second example for cg18404041 and rs2230534 (ITIH1, NEK4).

See also Table S4 for a table of confirmed genetic associations.
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We validated this model on the secondary cohort, consisting
of an additional 174 independent samples. These samples
were processed in the same manner as the primary cohort and
were then used to predict age based on the original model
(i.e., as trained on the original cohort). The predictions were
highly accurate, with a correlation between age and predicted
age of 91%and an error of 4.9 years (Figure 2C). The significance
of the aging model was also confirmed by the data set presented
in Heyn et al., verifying the age association of 70 of the 71
markers (Heyn et al., 2012). Furthermore, the model was able
to fully separate old and young individuals in the Heyn et al.
study, even for profiles obtained via bisulfate sequencing rather
than the bead-chip technology used in this study (Figure S2).

Methylome Aging Rate and Its Associations
While the aging model is able to predict the age of most individ-
uals with high accuracy, it is equally valuable as a tool for identi-
fying individual outliers who do not follow the expectation. For

example, Figure 2B highlights two individuals whose age is
vastly over- or underpredicted on the basis of their methylation
data. To examine whether these differences reflect true biolog-
ical differences in the state of the individual (i.e., versusmeasure-
ment error or intrinsic variability), we used the aging model to
quantify each individual’s apparent methylomic aging rate
(AMAR), defined as the ratio of the predicted age, based on
methylation data, to the chronological age. We then tested for
associations between AMAR and possibly relevant clinical
factors, including gender and BMI. Analysis of ethnicity and
diabetes status was not possible due to correlations with batch
variables (Figure S3). We found that gender, but not BMI had
significant contributions to aging rate (F test, p = 6 3 10!6,
p > 0.05, Experimental Procedures). The methylome of men
appeared to age approximately 4% faster than that of women
(Figure 2D), even though the overall distributions of age were
not significantly different between the men and women in the
cohort (p > 0.05, KS test). Likewise, the validation cohort
confirmed the increased aging rate for men (p < 0.05), but was
inconclusive for BMI (p > 0.05). This complements a previous
finding of an epigenetic signal for BMI that does not change
with age (Feinberg et al., 2010).
As genetic associations have been previously reported with

human longevity and aging phenotypes (Atzmon et al., 2006;
Suh et al., 2008; Willcox et al., 2008; Wheeler et al., 2009), we
examined whether the model could distinguish aging rates for
individuals with different genetic variants. For this purpose, we
obtained whole-exome sequences for 252 of the individuals in
our methylome study at 153 coverage. After sequence process-
ing and quality control, these sequences yielded 10,694
common single-nucleotide variants across the population
(Experimental Procedures). As a negative control, we confirmed
that none of the genetic variants were significant predictors of
age itself, which is to be expected since the genome sequence
is considered to be relatively static over the course of a lifetime.
On the other hand, one might expect to find genetic variants that
modulate the methylation of age-associated markers, i.e., meth-
ylation quantitative-trait loci ormeQTLs (Bell et al., 2011). Testing
each genetic variant for association with the top age-associated
methylation markers, we identified 303 meQTLs (Experimental
Procedures, FDR < 0.05, Figure 3A). For validation, we selected
eight genetic variants (corresponding to 14 meQTLs) to test in
a validation cohort of 322 individuals from our methylation study.
This analysis found that seven of eight genetic variants (corre-
sponding to seven meQTLs) remained highly significant in the
validation cohort (FDR < 0.05, Table S4). While all of these vari-
ants acted in cis with their meQTLs (within 150 kbp), we
confirmed that none directly modified the CpG site or associated
probe sequence of the associated methylation marker.
The methylation marker cg27193080 was one of those found

to be significantly associated with age (p < 10!17), and its meth-
ylation fraction was found to be influenced by the single-nucleo-
tide polymorphism (SNP) variant rs140692 (p<10!21) (Figure 3B).
This meQTL was particularly interesting as both the SNP and the
methylation marker mapped to the gene methyl-CpG binding
domain protein 4 (MBD4, with the SNP in an intron and the meth-
ylationmarker just upstream of the coding region), one of the few
known genes encoding a protein that can bind to methylated

Figure 2. Model Predictions and Clinical Variables
(A) A flow chart of the data (green boxes) and analyses (red ovals) used to

generate aging predictions (blue boxes).

(B) A comparison of predicted and actual ages for all individuals based on the

aging model.

(C) Out-of-sample predictions for individuals in the validation cohort.

(D) Apparent methylomic aging rate (AMAR) for each individual, based on the

aging model without clinical variables. The distribution of aging rates shows

faster aging for men than women. A table of the markers used in the aging

model is provided in Table S3.

See also Figures S2 and S3 and Table S3.
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Maternal behavior influences adult behavior 
through epigenetic programming

sites of the exon 17 GR promoter sequence (Fig. 1b,c). A two-way
ANOVA revealed a highly significant effect of Group (F = 55.9,
P < 0.0001) and Region (F = 27.7, P < 0.0001), as well as a significant
Group × Region interaction effect (F = 27.7, P < 0.0001).
Importantly, the cytosine residue within the 5′ CpG dinucleotide
(site 16) of the NGFI-A consensus sequence (Fig. 1c) is always
methylated in the offspring of low-LG-ABN mothers, and rarely
methylated in the offspring of high-LG-ABN dams. In contrast, the
3′ CpG dinucleotide (site 17) remains methylated, regardless of dif-
ferences in maternal care. Dissected hippocampi inevitably contain
glial cells as well as neurons. Considering the pronounced effect of
maternal care on the methylation status of the 5′ CpG dinucleotide
of the NGFI-A response element (>90%), the effect of maternal care
must include neuronal as well as glial cells; both populations express
GR23,24 and NGFI-A25 genes.

Cross-fostering reveals epigenetic marking by maternal behavior
Our findings suggest that specific sites within the exon 17 GR pro-
moter are differentially methylated as a function of maternal behav-
ior, but these findings are merely correlational. To directly examine
the relation between maternal behavior and DNA methylation
within the exon 17 promoter, we performed an adoption study in
which the biological offspring of high- or low-LG-ABN mothers
were cross-fostered to either high- or low-LG-ABN dams within 12 h
of birth9. Cross-fostering produced a pattern of exon 17 promoter
methylation that was associated with the rearing mother (F = 4.8,
P < 0.05; Fig. 1d) and thus reversed the difference in methylation at
specific cytosines, notably at the 5′ CpG dinucleotide (site 16) of the

Figure 1 Maternal care alters cytosine
methylation of GR promoter. (a) Sequence map
of the exon 17 GR promoter including the 17
CpG dinucleotides (bold) and the NGFI-A binding
region16 (encircled). (b,c) Methylation analysis of
the 17 CpG dinucleotides of the exon 17 GR
promoter region from adult high- and low-LG-
ABN offspring (6–10 clones sequenced/animal; 
n = 4 animals/group; *P < 0.01). (b) Percentage
of cytosine residues that were methylated (mean
± s.e.m.) for the first 15 CpG dinucleotides 
(*P < 0.05). (c) Percentage of methylated
cytosines (mean ± s.e.m.) for the 5′ (site 16) and
3′ (site 17) CpG dinucleotides within the NGFI-A
binding sequence (*P < 0.0001). (d) The effect
of cross-fostering the offspring of high- and low-
LG-ABN mothers on cytosine methylation of the
5′ and 3′ CpG dinucleotides within the NGFI-A
binding sequence of the exon 17 GR promoter
gene in adult hippocampi (n = 5 animals/group).
L-L: animals born to and reared by low-LG-ABN
mothers; H-H: animals born to and reared by
high-LG-ABN mothers; H-L: animals born to
high-LG-ABN mothers and reared by low-LG-ABN
mothers; L-H: animals born to low-LG-ABN
mothers and reared by high-LG-ABN mothers. 
(e) Percentage of cytosine methylation (mean ±
s.e.m.) of the 5′ and 3′ CpG dinucleotides within
the NGFI-A binding region of the exon 17 GR
promoter gene in the offspring of high- or low-
LG-ABN mothers (n = 5 animals/group; 
P < 0.001) as a function of age. There were no
differences at any postnatal age in level of
cytosine methylation of the 3′ CpG (site 17).

A R T I C L E S

adulthood. Gene expression is controlled by the epigenome, which is
comprised of chromatin structure17 and DNA methylation18. We
tested the hypothesis that maternal care alters DNA methylation of
the GR exon 17 promoter, and that these changes are stably main-
tained into adulthood and associated with differences in GR expres-
sion and HPA responses to stress.

RESULTS
Maternal care and methylation of exon 17 promoter
DNA methylation is a stable, epigenomic mark at CpG dinucleotides
often associated with stable variations in gene transcription18–20. Two
kinds of changes in DNA methylation are known to affect gene
expression: regional, non-site specific DNA methylation around a
promoter19 and site-specific methylation. Hypomethylation of CpG
dinucleotides of regulatory regions of genes is associated with active
chromatin structure and transcriptional activity18,20. Thus, the
methylation pattern is a stable signature of the epigenomic status of a
regulatory sequence. We focused on the methylation state of the exon
17 GR promoter, which is activated in the hippocampus in offspring
of high-LG-ABN mothers.

To determine whether DNA methylation of specific target sites on
the GR promoter change in response to maternal care, we mapped
differences in the methylation status of individual cytosines within
the CpG dinucleotides of the exon 17 promoter from hippocampal
tissue from the adult offspring of high- and low-LG-ABN mothers.
We used sodium bisulfite mapping21,22, with a particular interest in
the region around the NGFI-A consensus sequence (Fig. 1a). The
results showed significant differences in the methylation of specific
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ing (>3 fold) of NGFI-A protein to the hippocampal exon 17 GR
promoter in the adult offspring of TSA-treated low-LG-ABN moth-
ers compared with the vehicle-treated offspring of low-LG-ABN
mothers (Fig. 3); there were no significant differences between TSA-
treated offspring of low-LG-ABN mothers and either TSA- or vehi-
cle-treated offspring of high-LG-ABN dams. As expected, TSA
treatment did not change histone H3-K9 acetylation or NGFI-A
binding in the adult offspring of high-LG-ABN mothers, because
the GR exon 17 promoter region in the offspring of high-LG-ABN
mothers is normally associated with acetylated histones and highly
bound with NGFI-A.

To determine whether TSA treatment reverses the maternal effect
on methylation within specific CpG dinucleotides on the exon 17
GR promoter, we mapped the differences in methylation using the
sodium bisulfite technique, focusing on the NGFI-A consensus
sequence within the exon 17 region (Fig. 1a). Statistical analysis of
the data across all 17 sites revealed a significant effect of Group 
(F = 93.2, P < 0.0001), Treatment (F = 52.8, P < 0.0001) and Region
(F = 30.4, P < 0.0001), as well as a significant Group × Treatment ×
Region interaction (F = 2.1, P = 0.01), Group × Treatment interac-
tion (F = 19.9, P < 0.0001), Group × Region interaction (F = 4.1,
P < 0.0001) and Treatment × Region interaction (F = 2.8,
P < 0.0001). The results again revealed significant differences in the
methylation of a number of regions of the exon 17 GR promoter
sequence (Fig. 4) with significant differences within the 5′ CpG (site
16) and 3′ CpG (site 17) dinucleotides of the NGFI-A consensus
sequence (Fig. 4b). Statistical analysis of the data from these two
sites revealed a highly significant effect of Group (F = 43.8,
P < 0.0001), Treatment (F = 65.3, P < 0.0001) and Region 
(F = 113.3, P < 0.0001), as well as a significant Group × Treatment
interaction (F = 16.0, P < 0.0001), Group × Region interaction 
(F = 37.8, P < 0.0001) and Treatment × Region interaction (F = 4.5,
P = 0.04). Post-hoc analysis revealed that TSA treatment signifi-
cantly decreased the degree of cytosine methylation within the 5′
(site 16) CpG dinucleotide of the NGFI-A binding region of the
exon 17 GR promoter in the offspring of low-LG-ABN mothers in
comparison to vehicle-treated low-LG-ABN mothers (*P < 0.001).

TSA treatment produced ‘demethylation’ of the 5′ CpG (site 16)
and 3′ CpG (site 17) dinucleotides in the offspring of low-LG-ABN
mothers, and hypomethylation of the 3′ CpG (site 17) dinucleotide
in the offspring of high-LG-ABN mothers (Fig. 4b). These findings
suggest that TSA treatment can reverse the hypermethylated status of
the exon 17 GR promoter in the offspring of low-LG-ABN mothers.
TSA treatment resulted in a more extensive change in DNA methyla-
tion than maternal care per se, since the 3′ CpG (site 17) dinu-
cleotide, which is unaffected by maternal behavior, is partially
‘demethylated’ in response to TSA treatment in both cohorts 
(Fig. 4b). Also, as in the original study (Fig. 1b), maternal care altered
the methylation status of other CpG dinucleotides in the exon 17
sequence; in the case of sites 1, 2, 5, 12, 14 and 15, these effects were
similarly reversed with central TSA infusion. The significance of
these sites for transcription factor binding is currently unknown and
thus a focus of ongoing studies. Thus, stable DNA methylation
marking by maternal behavior is reversible in the adult offspring
hippocampus by pharmacological modulation of chromatin struc-
ture. While TSA altered the methylation of the both the 5′ and 3′
CpG sites within the NGFI-A response element, the former appears
to be critical for the effect on NGFI-A binding to the exon 17 pro-
moter. In a previous in vitro study using electrophilic mobility shift
assays (EMSA) with purified recombinant NGFI-A protein31 and
differentially methylated oligonucleotide sequences containing the

NGFI-A response element, we found that methylation of the cyto-
sine within the 5′ CpG dinucleotide (site 16) completely eliminated
the binding of NGFI-A, whereas methylation of the cytosine within
the 3′ CpG dinucleotide (site 17) only slightly reduced NGFI-A pro-
tein binding (I.C.G.W., M.S. & M.J.M., unpublished data).

Reversal of maternal effect on GR expression
GR gene expression in the hippocampus is increased in the adult
offspring of high- compared with low-LG-ABN mothers7,9. We 
suggest that such differences are mediated by the differential
methylation of the 5′ CpG dinucleotide (site 16) of the NGFI-A
consensus sequence in the exon 17 GR promoter and the subse-
quent alteration of histone acetylation and NGFI-A binding to the
exon 17 sequence. If the differential epigenetic marking regulates
the expression of the exon 17 GR promoter in high- versus low-LG
offspring, then reversal of the epigenetic marking should be accom-
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Figure 5 TSA eliminates the maternal effect on hippocampal GR
expression and HPA responses to stress. (a) Top: a representative western
blot showing absolute levels of electrophoresed hippocampal GR
immunoreactivity (IR) from vehicle- and TSA (100 ng/ml)-treated adult
offspring of high- or low-LG-ABN mothers. Molecular weight markers
(SeeBlue, Santa Cruz Biotech) correspond to a single major band at 92
kDa. The middle panel shows the membrane reprobed for α-tubulin IR,
illustrating absolute levels of electrophoresed hippocampal protein bound
to the transfer membrane. Molecular weight markers correspond to a single
major band at ∼60 kDa and the intensity of the signal was similar in all
lanes. The lower panel shows quantitative densitometric analysis (relative
optical density, ROD) of GR IR levels from samples (n = 5 animals/group;
*P < 0.001). (b) Plasma corticosterone responses7 (mean ± s.e.m.) to a 
20-min period of restraint stress (solid bar) in vehicle- and TSA 
(100 ng/ml)-treated adult offspring of high- or low-LG-ABN mothers 
(n = 10 animals/group; *P < 0.01).
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expression. The use of HEK293 cells allowed us to concurrently
transfect a number of expression vectors with high efficiency. The
absence of plasmid replication during the transient transfection assay
precludes the loss of methylation via passive demethylation27.
Luciferase expression was measured in the presence or absence of

NGFI-A from the unmethylated NR3C1 promoter plasmid compared
with a methylated version. There was a significant effect of testing
condition on the transcriptional activity of the exon 1F NR3C1
promoter (F ¼ 110.6, P o 0.0001; Fig. 3b). Post hoc analysis revealed
that the transcriptional activity of the unmethylated NR3C1 promoter
was significantly increased in the presence of the NGFI-A expression
vector (NR3C1versus NR3C1 + EGR1; P o 0.0001). Furthermore,
methylation of the NR3C1 promoter (the entire NR3C1 construct was
methylated in vitro and ligated to an unmethylated vector before
transfection, NR3C1-M) reduced basal transcriptional activity of the
NR3C1 construct (NR3C1 versusNR3C1-M, Po 0.05). Methylation of
the NR3C1 construct also blunted NGFI-A induction of transcription
(NR3C1 + EGR1 versus NR3C1-M + EGR1, P o 0.0001).
These results indicate that methylation attenuates NGFI-A induction

of gene expression through the NR3C1 promoter. However, the
decreased glucocorticoid receptor transcription observed in suicide
victims with a history of childhood abuse was associated with differ-
ences inmethylation levels occurring only at specific sites in the exon 1F
NR3C1 promoter (Fig. 2b). An ANOVA examining the methylation of
CpG dinucleotides across the exon 1F NR3C1 promoter revealed a
significant effect of CpG site (F ¼ 13.86, P o 0.0001), a significant

effect of group (F ¼ 17.12, P o 0.0001) and a significant interaction
between CpG site and group (F ¼ 13.44, P o 0.0001). In NGFI-A
recognition elements, methylation was observed at CpG sites 12, 13, 30,
31 and 32 (Fig. 2b).We therefore examinedwhether such selective, site-
specific differences in methylation could alter transcriptional activation
through the NR3C1 promoter. Two deletion constructs of the NR3C1
promoter were generated in which selected CpG dinucleotides were
patch-methylated (Fig. 3a). CpG sites 12 and 13 were methylated in the
255-bp construct, whereas the 125-bp promoter construct was methy-
lated at CpG sites 30, 31 and 32. Thus, each deletion construct included
at least one known or putative NGFI-A binding site28.
We used patch methylation to examine whether selective methyla-

tion at specific sites reduces NGFI-A binding to and transactivation
through the exon 1F NR3C1 promoter. We found an effect of methyla-
tion status on transcription factor–induced gene expression from the
NR3C1 promoter (Fig. 3c). For the 125-bp construct, there was a
significant effect of methylation status (F ¼ 57.6, P o 0.0001) and
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Figure 2 Methylation of the NR3C1 promoter in the hippocampus. Twenty clones were sequenced for each subject for methylation mapping. (a) Mean ± s.e.m.
percentage of methylated clones for suicide victims with a history of childhood abuse (n ¼ 12), suicide victims without a history of childhood abuse (n ¼ 12)
and controls (n ¼ 12). The methylation percentage was calculated as the number of clones with at least one methylated CpG site divided by the total
number of clones (* indicates P r 0.05; n.s. indicates not statistically significant). (b) Methylation of the NR3C1 promoter region, showing the frequency
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levels of luciferase expression in HEK293 cells. Results are shown after the
subtraction of expression of the promoter in the antisense orientation.
(b) The full NR3C1 promoter was either unmethylated (hGR) or completely
patch methylated (hGR PatchM) and transfected in the presence or absence
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expression and increased HPA activity, we hypothesized that
suicide victims would show decreased expression both of gluco-
corticoid receptor and glucocorticoid receptor 1F compared with
control subjects.
We examined the expression of total glucocorticoid receptor and

glucocorticoid receptor 1F using quantitative reverse transcription PCR
(qRT-PCR) with RNA extracted from hippocampal tissue of suicide
completers with (n ¼ 12) and without (n¼ 12) a history of childhood
abuse and from controls (n ¼ 12). There was a significant effect on
glucocorticoid receptor expression (F ¼ 3.17, P ¼ 0.05). Post hoc tests
showed that expression of total glucocorticoid receptor mRNA was
significantly reduced in suicide victims with a history of childhood
abuse relative to nonabused suicide victims or controls (P o 0.05);
there was no difference between nonabused suicide victims and
controls (P 4 0.05; Fig. 1a). There was also a significant effect on
the expression of transcripts containing the exon 1F NR3C1 promoter
(F ¼ 3.58, P o 0.05). Post hoc tests revealed that glucocorticoid
receptor 1F expression was significantly lower in samples from suicide
victims with a history of childhood abuse compared with suicide
victims without childhood abuse or controls (P o 0.05). Similar to
the findings with total glucocorticoid receptor mRNA expression, there
was no difference between nonabused suicide victims and controls
(P 4 0.05; Fig. 1b).
We examined the relationship between glucocorticoid receptor

expression and psychiatric diagnoses (Table 1). Mood disorders and
substance abuse disorders are risk factors for suicide and have been
linked to alterations of glucocorticoid receptor expression12. There
were no significant effects of psychopathology, even after controlling
for childhood abuse status, on overall glucocorticoid receptor or
glucocorticoid receptor 1F expression (P 4 0.05).

Genotyping and methylation analysis
Because alterations in glucocorticoid receptor 1F activity could be
derived from nucleotide sequence variation and/or epigenetic mod-
ifications, we sequenced the NR3C1 promoter region from each
subject. No sequence variation was seen among subjects and all of
the sequences were identical to those published previously19. Moreover,
for each subject, the genomic sequences targeted for binding by the

primers used for bisulfite mapping were identical to the published
sequence19, thus eliminating potential primer bias between subjects in
sodium bisulfite mapping.
The rat homolog of the exon 1F NR3C1 promoter, the exon 17

region, is differentially methylated as a function of variations in
maternal care4,17,22. Cytosine methylation is a highly stable epigenetic
mark that regulates gene expression via its effects on transcription
factor binding23,24.We used sodium bisulfite mapping25 to examine the
methylation status of individual CpG dinucleotides in the NR3C1
promoter sequence extracted from the hippocampal tissue of the same
subjects used for glucocorticoid receptor expression analysis. Sodium
bisulfite mapping revealed a significant effect on the percentage of
methylated clones (that is, the number of clones with at least one
methylated CpG site divided by the total number of clones) between
groups (F ¼ 3.47, P o 0.05). Post hoc tests revealed a significant
difference between suicide victims with a history of childhood
abuse compared with nonabused suicide victims (P¼ 0.05) or controls
(P o 0.05). There was no difference in the percentage of methylated
clones between suicide victims without childhood abuse and controls
(P 4 0.05; Fig. 2a). Methylation was limited to specific sites, with no
clone showing global methylation (Fig. 2b). There were no significant
correlations between levels of exon 1F methylation and age at death
(r ¼ 0.15, P 4 0.05), brain pH (r ¼ 0.08, P 4 0.05) or postmortem
interval (PMI, r ¼ 0.24, P 4 0.05; Table 1).

Patch methylation of the NR3C1 promoter
DNA methylation of a limited number of sites in the exon 1F NR3C1
promoter was associated with decreased expression of the glucocorti-
coid receptor 1F variant and of total glucocorticoid receptor mRNA in
suicide victims with a history of childhood abuse. Defining a causal
relation between the methylation status and transcriptional efficiency
of the NR3C1 promoter is therefore of great importance. We hypothe-
sized that DNA methylation regulates the expression of the NR3C1
promoter through alterations in transcription factor binding. The
transcription factor NGFI-A regulates the expression of Nr3c1 promo-
ter in the rat, an effect that is inhibited by DNA methylation17. To our
knowledge, the regulation of NGFI-A (also known as Zif268, EGR1,
Krox-24 and ZENK) has not been studied in the human hippocampus,
although there is evidence that its expression is downregulated in the
prefrontal cortex in schizophrenia26. The NR3C1 promoter contains a
number of canonical and noncanonical NGFI-A recognition elements
(Fig. 3a). We wondered whether, as in the rat17, NGFI-A could regulate
gene transcription through the NR3C1 promoter and whether this
effect might be influenced by the methylation status of the promoter.
We used a transient transfection assay in human HEK293 cells to
examine transcriptional activity of a NR3C1 promoter ligated to a
promoter-less firefly luciferase expression vector (pGEM-LUC,
Promega; Fig. 3a) in the presence or absence of ectopic NGFI-A
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Figure 1 Hippocampal glucocorticoid receptor expression. (a,b) Mean ±
s.e.m. expression levels of total glucocorticoid receptor (GR) mRNA (a) and
glucocorticoid receptor 1F (GR1F) in 12 suicide victims with a history of
childhood abuse, 12 nonabused suicide victims and 12 control subjects (b).
Outliers excluded from analysis included n ¼ 2 control subjects, n ¼ 1
suicide victims with a history of childhood abuse for glucocorticoid receptor
1F and an additional n ¼ 1 suicide victim with a history of childhood abuse,
and n ¼ 3 nonabused suicide victims for overall levels of glucocorticoid
receptor. * indicates P o 0.05; n.s. indicates not statistically significant.

Table 1 Demographic characteristics and psychiatric diagnoses

Abused suicide Nonabused suicide Control

Male/female 12/0 12/0 12/0

Age (years) 34.2 ± 10 33.8 ± 11 35.8 ± 12

PMI (h) 24.6 ± 5.8 39.0 ± 25.7 23.5 ± 6.0

pH 6.3 ± 0.24 6.5 ± 0.29 6.5 ± 0.22

Childhood abuse/neglect 12/0 (100%) 0/12 (0%) 0/12 (0%)

Mood disorder 8/12 (67%) 8/12 (67%) 0/12 (0%)

Alcohol/drug abuse disorder 9/12 (75%) 6/12 (50%) 5/12 (42%)

Data are presented as mean ± s.d.
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Childhood care influences adult behavior 
through epigenetic programming
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all of them were mated with naive females. Thus, any findings that 
we obtained were not the results of extreme phenotype biasing or a 
previously existing genetic sensitivity. Both C57Bl/6J and M71-LacZ 
mice possess the M71 odorant receptor in their olfactory epithelium21 
and both can consequently detect acetophenone. The main difference 
between the strains is that the OSNs of the M71-LacZ mice produce  

-galactosidase in M71-expressing neurons and can therefore be 
visualized22. This procedure allowed us to examine a seldom studied 
factor that might markedly influence the nervous systems of adults; 
namely, the experience of the F0 generation before conception.

Transgenerational olfactory sensitivity after F0 conditioning
Fear-potentiated startle (FPS) is a behavioral test to assay for fear 
learning23. FPS manifests as an augmented startle response in the 
presence of the aversive conditioned cue. In our case, to assay for 
behavioral sensitivity to an odor, we used a modified FPS protocol 
that consists of odor presentation before the startle stimuli. An odor-
potentiated startle (OPS) score is computed, in which an enhanced 
OPS reflects a greater startle to the odor relative to control, when the 
odor is paired with the startle stimulus. Traditionally, FPS tests have 
been used to query the emotional state of the animal and the valence 
of the stimulus paired with the startle. It is important to note that we 
did not use this test as a measure of valence of the odor, but rather 
as a readout of the sensitivity toward that odor, similar to FPS tests 
that have been used to test the sensitivity of mice to natural odors 
such as fox urine24. Enhanced OPS to acetophenone in our experi-
ment would be interpreted as an enhanced behavioral sensitivity to 
acetophenone, not necessarily an increase in fear to acetophenone. 
Making any statements about valence specificity and the emotional 
value of the odor would necessitate subjecting the F0 generation to 
an appetitive odor-conditioning task.

In the F0 generation, we previously reported that olfactory fear 
conditioning adult males to acetophenone increases FPS when the 
startle stimuli are paired with acetophenone presentation19. In the 
F1 generation, we found that C57Bl/6J F1-Ace mice (F1-Ace-C57) 
showed enhanced OPS (unconditioned) to acetophenone compared 
with C57Bl/6J F1-Home mice (F1-Home-C57) (Fig. 1a). No differ-
ences between groups were found when propanol was paired with 
the startle, indicating that the response was specific to acetophenone 
(Fig. 1b). Similarly, F1-Ace-M71 showed enhanced OPS to aceto-
phenone, but not to propanol, compared with F1-Home-M71 and  
F1-Prop-M71 (Fig. 1c,d). In contrast, F1-Prop-M71 showed enhanced 
OPS to propanol, but not to acetophenone (Fig. 1c,d). These data 

suggest a double dissociation and specificity of the odor association, 
along with the inheritance of a behavioral sensitivity that is specific 
to the F0-conditioned odor.

To further corroborate the enhanced behavioral sensitivity to the 
F0-conditioned odor, we conducted an independent behavioral assay 
that directly probes behavioral sensitivity using an odor concentration 
curve and the association time of the mice with these concentrations. 
We found that F1-Ace males were able to detect acetophenone at lower 
concentrations than F1-Prop males, whereas F1-Prop males detected 
propanol at lower concentrations than F1-Ace males (Fig. 2a,b), fur-
ther suggesting an enhanced detection sensitivity that is specific to 
the F0-conditioned odor. Although we make a case for both the OPS 
and association time assays testing for behavioral sensitivity, we used 
OPS in our subsequent experiments because of our ability to carefully 
calibrate odor presentation and removal, parameters that might influ-
ence habituation to odors and skew experimental results.

Most noteworthy for these data is the fact that the naive F1 mice 
had never been exposed to any of the odors with which they were 
tested. Taken together, these data indicate that the behavioral sen-
sitivity to an odor in adult offspring is specific to the odor that the 
F0 male was conditioned to, as shown across two different odorants 
and two different strains of mice. Furthermore, given the fact that 
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Figure 1 Behavioral sensitivity to odor is specific to the paternally 
conditioned odor. (a,b) Responses of individual C57Bl/6J F1 male 
offspring conceived after the F0 male was fear conditioned with 
acetophenone. F1-Ace-C57 mice had an enhanced sensitivity to 
acetophenone (a), but not to propanol (control odor, b) compared with 
F1-Home-C57 mice (F1-Ace-C57, n = 16; F1-Home-C57, n = 13; t test, 
P = 0.043, t27 = 2.123). (c,d) Responses of M71-LacZ F1 male offspring 
conceived after the F0 male was fear conditioned with acetophenone or 
propanol. F1-Ace-M71 mice had an enhanced sensitivity to acetophenone (c),  
but not to propanol (d), compared with F1-Home-M71, and F1-Prop-M71 
mice. In contrast, F1-Prop-M71 mice had an enhanced sensitivity to 
propanol (d), but not acetophenone (c) (F1-Home-M71, n = 11;  
F1-Ace-M71, n = 13; F1-Prop-M71, n = 9; OPS to acetophenone:  
ANOVA, P = 0.003, F2,30 = 6.874; F1-Home-M71 versus F1-Ace-M71, 
P < 0.05; F1-Ace-M71 versus F1-Prop-M71, P < 0.01; OPS to propanol: 
ANOVA, P = 0.020, F2,26 = 4.541; F1-Ace-M71 versus F1-Prop-M71,  
P < 0.05). Data are presented as mean  s.e.m. *P < 0.05, **P < 0.01.
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Figure 2 Sensitivity of F1 males toward F0-conditioned odor. Association 
time with either the concentration of odor on the x axis or an empty 
chamber was recorded. An aversion index was computed by subtracting 
the amount of time spent in the open chamber from the time spent in the 
odor chamber. (a) When tested with acetophenone, F1-Ace mice detected 
acetophenone at a lower concentration (0.03%) than F1-Prop mice, with 
both groups eventually showing equal aversion at the 0.06% concentration 
(P = 0.005 with Bonferroni correction for multiple comparisons).  
(b) When tested with propanol, F1-Prop mice detected propanol at a lower 
concentration (0.003%) than F1-Ace mice, with both groups eventually 
showing equal aversion at the 0.006% concentration (P = 0.0005 with 
Bonferroni correction for multiple comparisons) (F1-Ace-C57, n = 16;  
F1-Prop-C57, n = 16). Data are presented as mean ± s.e.m. (**P < 0.01).
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both F0-Ace and F0-Prop mice received shocks during conditioning, 
these data suggest that these training-specific effects do not occur 
simply as a result of paternal history of the stress of shock exposure 
or conditioning to odors in general.

Studies that have examined the effect of parental stress after con-
ception, either in utero or postnatally, have often found an anxiogenic 
phenotype in the offspring25,26. Using an elevated plus maze to assay 
for anxiety-like behavior, we found that prior, rather limited foot 
shock conditioning of the F0 generation, did not extend to generalized  
anxiety-like behavior in the F1 generation (Supplementary Fig. 2a,b).

To test the idea that olfactory fear conditioning of the F0 genera-
tion results in offspring that might be generally deficient in process-
ing sensory cues and in learning and memory processes, we sought 
to examine whether auditory fear conditioning was affected in our 
experimental groups. Across all experimental groups, adult male F1 
offspring subjected to auditory fear conditioning acquired, consoli-
dated and extinguished fear similarly (Supplementary Fig. 3a–c).

F0 olfactory experience affects F1 neuroanatomy
Previously19, we reported that the behavioral response (increased 
FPS to acetophenone) of F0-Ace conditioned males is comple-
mented by an increase in the number of acetophenone–responsive 
M71-expressing OSNs in the MOE and M71 glomerular area in 
the olfactory bulbs. To examine whether alterations in the neuro-
anatomical representation of the conditioned odor accompa-
nied the behavioral sensitivity reported above, we used standard  

-galactosidase staining in naive M71-LacZ F1 males that had nei-
ther been behaviorally tested with, nor exposed to, any of the con-
ditioned odors. We found that the dorsal and medial M71-specific 
glomeruli in the olfactory bulb of F1 offspring of acetophenone-
trained F0 males (F1-Ace-M71) were significantly increased in size 
compared with those of the offspring of home cage or propanol-
trained F0 males (F1-Home-M71 and F1-Prop-M71, respectively) 
(ANOVA, P < 0.0001 for dorsal and medial glomeruli; Fig. 3a–h). 
This increase in M71 glomerular area was accompanied by a signifi-
cant increase in the numbers of M71 OSNs in the MOE (ANOVA, 
P < 0.0001; Fig. 3i).

These data suggest that the effect of paternal olfactory fear con-
ditioning on neuroanatomy is associated with increased numbers 
of OSNs and increased glomerular area, both specific for the F0-
 conditioned odor. We posit that this increased structural representa-
tion in the main olfactory epithelium and olfactory bulb may underlie 
the specific enhanced olfactory sensitivity that we observed in the 
behavioral experiments (Figs. 1 and 2). We were concerned that per-
forming behavior would make the offspring no longer odor naive, 
and thereby potentially confound the interpretation of the neuro-
anatomical results. Thus, all of the neuroanatomy data were generated 
using animal cohorts independent of any behavior data. Correlations 
between behavior and neuroanatomy within and between generations 
present an interesting and important future direction for research.

Inheritance of effects in the F2 and IVF-derived generations
Two mechanisms could explain how information about the F0- 
conditioned odor could be transferred to the subsequently conceived 
male offspring: inheritance via the gametes or transmission via a 
social route that is reminiscent of the transmission of maternal care in 
rodents27. To begin to dissociate these two possibilities, we conducted 
experiments with the F2 generation and with IVF-derived mice. Naive 
F1 males (F1-Ace, F1-Prop) were mated with naive females to gener-
ate F2 adults (F2-Ace, F2-Prop) whose F0 ancestors had been condi-
tioned with either acetophenone or propanol. For the IVF experiment, 
sperm from F0 males was collected 10 d after the last conditioning day, 
and IVF was performed by the Transgenic Mouse Facility at Emory 
University in a location independent of our laboratory at Yerkes where 
we conducted all of the other studies reported. Subsequently con-
ceived IVF offspring (F1-Ace-IVF and F1-Prop-IVF) were raised to 
adulthood and tissue was collected in this facility.

When tested in our behavioral assay, F2-Ace-C57 mice exposed to 
odors for the first time showed increased OPS to acetophenone com-
pared with F2-Prop-C57 mice, whereas F2-Prop-C57 mice showed 
an increased OPS to propanol (Fig. 4a,b). This persistent behavioral 
sensitivity to the F0-conditioned odor was accompanied by corres-
ponding increases in glomerular size in an independent set of F2 
M71-LacZ mice that had no previous exposure to the odors used. 
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Figure 3 Neuroanatomical characteristics of the olfactory system in  
F1 males after paternal F0 olfactory fear conditioning. (a–f) -galactosidase  
staining revealed that offspring of F0 males trained to acetophenone (F1-Ace-M71) had larger dorsal  
and medial acetophenone-responding glomeruli (M71 glomeruli) in the olfactory bulb compared with  
F1-Prop-M71 and F1-Home-M71 mice. Scale bar represents 1 mm. (g) Dorsal M71 glomerular area in F1 
generation (M71-LacZ: F1-Home, n = 38; F1-Ace, n = 38; F1-Prop, n = 18; ANOVA, P < 0.0001, F2,91 = 
15.53; F1-Home-M71 versus F1-Ace-M71, P < 0.0001; F1-Ace-M71 versus F1-Prop-M71, P < 0.05).  
(h) Medial M71 glomerular area in F1 generation (M71-LacZ: F1-Home, n = 31; F1-Ace, n = 40; F1-Prop,  
n = 16; ANOVA, P < 0.0001, F2,84 = 31.68; F1-Home-M71 versus F1-Ace-M71, P < 0.0001; F1-Ace-M71 
versus F1-Prop-M71, P < 0.0001). (i) F1-Ace-M71 mice had a larger number of M71 OSNs in the MOE than 
F1-Prop-M71 and F1-Home-M71 mice (M71-LacZ: F1-Home, n = 6; F1-Ace, n = 6; F1-Prop, n = 4; ANOVA,  
P = 0.0001, F2,13 = 18.80; F1-Home-M71 versus F1-Ace-M71, P < 0.001; F1-Ace-M71 versus F1-Prop-M71, 
P < 0.01). Data are presented as mean  s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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both F0-Ace and F0-Prop mice received shocks during conditioning, 
these data suggest that these training-specific effects do not occur 
simply as a result of paternal history of the stress of shock exposure 
or conditioning to odors in general.

Studies that have examined the effect of parental stress after con-
ception, either in utero or postnatally, have often found an anxiogenic 
phenotype in the offspring25,26. Using an elevated plus maze to assay 
for anxiety-like behavior, we found that prior, rather limited foot 
shock conditioning of the F0 generation, did not extend to generalized  
anxiety-like behavior in the F1 generation (Supplementary Fig. 2a,b).

To test the idea that olfactory fear conditioning of the F0 genera-
tion results in offspring that might be generally deficient in process-
ing sensory cues and in learning and memory processes, we sought 
to examine whether auditory fear conditioning was affected in our 
experimental groups. Across all experimental groups, adult male F1 
offspring subjected to auditory fear conditioning acquired, consoli-
dated and extinguished fear similarly (Supplementary Fig. 3a–c).

F0 olfactory experience affects F1 neuroanatomy
Previously19, we reported that the behavioral response (increased 
FPS to acetophenone) of F0-Ace conditioned males is comple-
mented by an increase in the number of acetophenone–responsive 
M71-expressing OSNs in the MOE and M71 glomerular area in 
the olfactory bulbs. To examine whether alterations in the neuro-
anatomical representation of the conditioned odor accompa-
nied the behavioral sensitivity reported above, we used standard  

-galactosidase staining in naive M71-LacZ F1 males that had nei-
ther been behaviorally tested with, nor exposed to, any of the con-
ditioned odors. We found that the dorsal and medial M71-specific 
glomeruli in the olfactory bulb of F1 offspring of acetophenone-
trained F0 males (F1-Ace-M71) were significantly increased in size 
compared with those of the offspring of home cage or propanol-
trained F0 males (F1-Home-M71 and F1-Prop-M71, respectively) 
(ANOVA, P < 0.0001 for dorsal and medial glomeruli; Fig. 3a–h). 
This increase in M71 glomerular area was accompanied by a signifi-
cant increase in the numbers of M71 OSNs in the MOE (ANOVA, 
P < 0.0001; Fig. 3i).

These data suggest that the effect of paternal olfactory fear con-
ditioning on neuroanatomy is associated with increased numbers 
of OSNs and increased glomerular area, both specific for the F0-
 conditioned odor. We posit that this increased structural representa-
tion in the main olfactory epithelium and olfactory bulb may underlie 
the specific enhanced olfactory sensitivity that we observed in the 
behavioral experiments (Figs. 1 and 2). We were concerned that per-
forming behavior would make the offspring no longer odor naive, 
and thereby potentially confound the interpretation of the neuro-
anatomical results. Thus, all of the neuroanatomy data were generated 
using animal cohorts independent of any behavior data. Correlations 
between behavior and neuroanatomy within and between generations 
present an interesting and important future direction for research.

Inheritance of effects in the F2 and IVF-derived generations
Two mechanisms could explain how information about the F0- 
conditioned odor could be transferred to the subsequently conceived 
male offspring: inheritance via the gametes or transmission via a 
social route that is reminiscent of the transmission of maternal care in 
rodents27. To begin to dissociate these two possibilities, we conducted 
experiments with the F2 generation and with IVF-derived mice. Naive 
F1 males (F1-Ace, F1-Prop) were mated with naive females to gener-
ate F2 adults (F2-Ace, F2-Prop) whose F0 ancestors had been condi-
tioned with either acetophenone or propanol. For the IVF experiment, 
sperm from F0 males was collected 10 d after the last conditioning day, 
and IVF was performed by the Transgenic Mouse Facility at Emory 
University in a location independent of our laboratory at Yerkes where 
we conducted all of the other studies reported. Subsequently con-
ceived IVF offspring (F1-Ace-IVF and F1-Prop-IVF) were raised to 
adulthood and tissue was collected in this facility.

When tested in our behavioral assay, F2-Ace-C57 mice exposed to 
odors for the first time showed increased OPS to acetophenone com-
pared with F2-Prop-C57 mice, whereas F2-Prop-C57 mice showed 
an increased OPS to propanol (Fig. 4a,b). This persistent behavioral 
sensitivity to the F0-conditioned odor was accompanied by corres-
ponding increases in glomerular size in an independent set of F2 
M71-LacZ mice that had no previous exposure to the odors used. 
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Figure 3 Neuroanatomical characteristics of the olfactory system in  
F1 males after paternal F0 olfactory fear conditioning. (a–f) -galactosidase  
staining revealed that offspring of F0 males trained to acetophenone (F1-Ace-M71) had larger dorsal  
and medial acetophenone-responding glomeruli (M71 glomeruli) in the olfactory bulb compared with  
F1-Prop-M71 and F1-Home-M71 mice. Scale bar represents 1 mm. (g) Dorsal M71 glomerular area in F1 
generation (M71-LacZ: F1-Home, n = 38; F1-Ace, n = 38; F1-Prop, n = 18; ANOVA, P < 0.0001, F2,91 = 
15.53; F1-Home-M71 versus F1-Ace-M71, P < 0.0001; F1-Ace-M71 versus F1-Prop-M71, P < 0.05).  
(h) Medial M71 glomerular area in F1 generation (M71-LacZ: F1-Home, n = 31; F1-Ace, n = 40; F1-Prop,  
n = 16; ANOVA, P < 0.0001, F2,84 = 31.68; F1-Home-M71 versus F1-Ace-M71, P < 0.0001; F1-Ace-M71 
versus F1-Prop-M71, P < 0.0001). (i) F1-Ace-M71 mice had a larger number of M71 OSNs in the MOE than 
F1-Prop-M71 and F1-Home-M71 mice (M71-LacZ: F1-Home, n = 6; F1-Ace, n = 6; F1-Prop, n = 4; ANOVA,  
P = 0.0001, F2,13 = 18.80; F1-Home-M71 versus F1-Ace-M71, P < 0.001; F1-Ace-M71 versus F1-Prop-M71, 
P < 0.01). Data are presented as mean  s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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The dorsal and medial M71-specific glomeruli in the olfactory bulbs 
of F2-Ace-M71 mice were significantly increased in size compared 
with those of F2-Prop-M71 mice (Fig. 4c–h). Similar results were 
obtained in our IVF study, using sperm from F0-Ace and F0-Prop 
males to generate offspring. We found that F1 offspring generated 
with sperm from acetophenone-trained F0 males (F1-Ace-IVF) had 
significantly larger dorsal and medial M71-specific glomeruli in the 
olfactory bulb, as compared with offspring generated with sperm from 
propanol-trained F0 males (F1-Prop-IVF) (t test, P < 0.001 for dorsal 
and medial glomeruli; Fig. 4i,j). We could not perform behavioral 
analyses on IVF-generated offspring because of animal quarantine 
issues. These data indicate that behavioral sensitivity and neuro-
anatomical alterations in the nervous system are specific to the F0- 
conditioned odor and persist until at least the F2 generation, as well 
as in the IVF-derived F1 generation, thereby pointing to an inherit-
ance of these effects.

Cross-fostering supports inheritance of information
Our observations of the behavioral and structural changes specific 
to the F0-conditioned odor being retained in the F2 generation, and 
the persistence of the structural effects after IVF, argue against social 
transmission and make a strong case for transgenerational inherit-
ance. Notably, our results are highly specific in the olfactory sensory 
modality toward the F0-conditioned odor, and both F0-Ace and F0-
Prop males were subjected to the same shock training conditions that 
might be deemed stressful and potentially conveyed to the mother. 
This argues against the idea that our results might merely be the trans-
mission of a stressful paternal experience to the mother during the 
time of co-habitation. To ensure that our experimental groups were 
balanced for both odor and shock exposure, many of our experiments 
utilized F0-Prop as the control group rather than F0-Home.

To further address this issue, and to address potential maternal 
transmission, we conducted a cross-fostering study. Sexually naive 
female mice were conditioned with acetophenone or left in their home 
cage. They were then mated with odor-naive males for 10 d, after 
which the male was removed. Subsequent offspring were then divided 
into the following groups: offspring of home cage mothers (F1-Home), 
offspring of acetophenone-conditioned mothers (F1-Ace), offspring 
of home cage mothers cross-fostered starting at postnatal day 1 by 
mothers conditioned to acetophenone (F1-Home(fostered)), and off-
spring of acetophenone conditioned mothers cross-fostered by home 
cage mothers (F1-Ace(fostered)) (Supplementary Fig. 4). Notably, 

the females were only exposed to the conditioning odor before mat-
ing, and never while pregnant, precluding the possibility that off-
spring were directly exposed to any odor-related fear and in utero 
learning. We conducted this cross-fostering study in females for two 
main purposes. First, we sought to examine whether these effects were 
specific to paternal conditioning or could also be inherited via the 
female germ line. Second, given the possibility that mating with the 
F0 conditioned male in some way altered maternal behavior toward 
subsequently born offspring, we wanted to account for any differences 
in maternal investment or information transfer about the conditioned 
odor that might result from our conditioning protocol.

We found that, similar to the situation in which the F0 male (father) 
was conditioned to acetophenone, F1-Ace mice in this maternally 
trained experiment had an enhanced OPS to acetophenone compared 
with F1-Home controls (Fig. 5a). If our behavioral findings were a 
result of a ‘social transmission’ mode of information transfer, we 
would have predicted a reversal of the above result. Instead, we found 
that the F1-Ace-C57(fostered) male offspring still had a higher OPS 
to acetophenone than F1-Home-C57(fostered) offspring (Fig. 5b), 
suggesting a biological, rather than social, mode of inheritance.

For the equivalent experiment to visualize neuroanatomy, we per-
formed a similar cross-fostering experiment using M71-LacZ females, 
and used female mice conditioned to propanol as our control group 
(offspring labeled as F1-Prop). We found that the increased dorsal 
and medial glomerular area persisted in F1-Ace mice even after they 
were cross-fostered by mothers conditioned to propanol (F1-Ace-
M71(fostered)). In contrast, F1-Prop mice cross-fostered by mothers 
conditioned to acetophenone (F1-Prop-M71(fostered)) did not show any 
increases in M71 glomerular area (Fig. 5c–h). In summary, these cross-
fostering results, taken together with our IVF and F2 studies, strongly 
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Figure 4 Behavioral sensitivity and neuroanatomical changes are inherited 
in F2 and IVF-derived generations. (a,b) Responses of F2-C57Bl/6J 
males revealed that F2-Ace-C57 mice had an enhanced sensitivity to 
acetophenone compared with F2-Prop-C57 mice (a). In contrast,  
F2-Prop-C57 mice had an enhanced sensitivity to propanol compared  
with F2-Ace-C57 mice (b; F2-Prop-C57, n = 8; F2-Ace-C57, n = 12; OPS 
to acetophenone: t test, P = 0.0158, t18 = 2.664; OPS to propanol: t test, 
P = 0.0343, t17 = 2.302). (c–f). F2-Ace-M71 mice whose F0 generation 
male had been conditioned to acetophenone had larger dorsal and medial 
M71 glomeruli in the olfactory bulb than F2-Prop-M71 mice whose 
F0 generation had been conditioned to propanol. Scale bar represents 
200 m. (g) Dorsal M71 glomerular area in F2 generation (M71-LacZ:  
F2-Prop, n = 7; F2-Ace, n = 8; t test, P < 0.0001, t13 = 5.926).  
(h) Medial M71 glomerular area in F2 generation (M71-LacZ: F2-Prop, 
n = 6; F2-Ace, n = 10; t test, P = 0.0006, t14 = 4.44). (i) Dorsal M71 
glomerular area in IVF offspring (F1-Prop-IVF, n = 23; F1-Ace-IVF, n = 16;  
t test, P < 0.001, t37 = 4.083). (j) Medial M71 glomerular area in  
IVF offspring (F1-Prop-IVF, n = 16; F1-Ace-IVF, n = 19; t test, P < 0.001,  
t33 = 5.880). Data are presented as mean  s.e.m.*P < 0.05,  
**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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The dorsal and medial M71-specific glomeruli in the olfactory bulbs 
of F2-Ace-M71 mice were significantly increased in size compared 
with those of F2-Prop-M71 mice (Fig. 4c–h). Similar results were 
obtained in our IVF study, using sperm from F0-Ace and F0-Prop 
males to generate offspring. We found that F1 offspring generated 
with sperm from acetophenone-trained F0 males (F1-Ace-IVF) had 
significantly larger dorsal and medial M71-specific glomeruli in the 
olfactory bulb, as compared with offspring generated with sperm from 
propanol-trained F0 males (F1-Prop-IVF) (t test, P < 0.001 for dorsal 
and medial glomeruli; Fig. 4i,j). We could not perform behavioral 
analyses on IVF-generated offspring because of animal quarantine 
issues. These data indicate that behavioral sensitivity and neuro-
anatomical alterations in the nervous system are specific to the F0- 
conditioned odor and persist until at least the F2 generation, as well 
as in the IVF-derived F1 generation, thereby pointing to an inherit-
ance of these effects.

Cross-fostering supports inheritance of information
Our observations of the behavioral and structural changes specific 
to the F0-conditioned odor being retained in the F2 generation, and 
the persistence of the structural effects after IVF, argue against social 
transmission and make a strong case for transgenerational inherit-
ance. Notably, our results are highly specific in the olfactory sensory 
modality toward the F0-conditioned odor, and both F0-Ace and F0-
Prop males were subjected to the same shock training conditions that 
might be deemed stressful and potentially conveyed to the mother. 
This argues against the idea that our results might merely be the trans-
mission of a stressful paternal experience to the mother during the 
time of co-habitation. To ensure that our experimental groups were 
balanced for both odor and shock exposure, many of our experiments 
utilized F0-Prop as the control group rather than F0-Home.

To further address this issue, and to address potential maternal 
transmission, we conducted a cross-fostering study. Sexually naive 
female mice were conditioned with acetophenone or left in their home 
cage. They were then mated with odor-naive males for 10 d, after 
which the male was removed. Subsequent offspring were then divided 
into the following groups: offspring of home cage mothers (F1-Home), 
offspring of acetophenone-conditioned mothers (F1-Ace), offspring 
of home cage mothers cross-fostered starting at postnatal day 1 by 
mothers conditioned to acetophenone (F1-Home(fostered)), and off-
spring of acetophenone conditioned mothers cross-fostered by home 
cage mothers (F1-Ace(fostered)) (Supplementary Fig. 4). Notably, 

the females were only exposed to the conditioning odor before mat-
ing, and never while pregnant, precluding the possibility that off-
spring were directly exposed to any odor-related fear and in utero 
learning. We conducted this cross-fostering study in females for two 
main purposes. First, we sought to examine whether these effects were 
specific to paternal conditioning or could also be inherited via the 
female germ line. Second, given the possibility that mating with the 
F0 conditioned male in some way altered maternal behavior toward 
subsequently born offspring, we wanted to account for any differences 
in maternal investment or information transfer about the conditioned 
odor that might result from our conditioning protocol.

We found that, similar to the situation in which the F0 male (father) 
was conditioned to acetophenone, F1-Ace mice in this maternally 
trained experiment had an enhanced OPS to acetophenone compared 
with F1-Home controls (Fig. 5a). If our behavioral findings were a 
result of a ‘social transmission’ mode of information transfer, we 
would have predicted a reversal of the above result. Instead, we found 
that the F1-Ace-C57(fostered) male offspring still had a higher OPS 
to acetophenone than F1-Home-C57(fostered) offspring (Fig. 5b), 
suggesting a biological, rather than social, mode of inheritance.

For the equivalent experiment to visualize neuroanatomy, we per-
formed a similar cross-fostering experiment using M71-LacZ females, 
and used female mice conditioned to propanol as our control group 
(offspring labeled as F1-Prop). We found that the increased dorsal 
and medial glomerular area persisted in F1-Ace mice even after they 
were cross-fostered by mothers conditioned to propanol (F1-Ace-
M71(fostered)). In contrast, F1-Prop mice cross-fostered by mothers 
conditioned to acetophenone (F1-Prop-M71(fostered)) did not show any 
increases in M71 glomerular area (Fig. 5c–h). In summary, these cross-
fostering results, taken together with our IVF and F2 studies, strongly 
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Figure 4 Behavioral sensitivity and neuroanatomical changes are inherited 
in F2 and IVF-derived generations. (a,b) Responses of F2-C57Bl/6J 
males revealed that F2-Ace-C57 mice had an enhanced sensitivity to 
acetophenone compared with F2-Prop-C57 mice (a). In contrast,  
F2-Prop-C57 mice had an enhanced sensitivity to propanol compared  
with F2-Ace-C57 mice (b; F2-Prop-C57, n = 8; F2-Ace-C57, n = 12; OPS 
to acetophenone: t test, P = 0.0158, t18 = 2.664; OPS to propanol: t test, 
P = 0.0343, t17 = 2.302). (c–f). F2-Ace-M71 mice whose F0 generation 
male had been conditioned to acetophenone had larger dorsal and medial 
M71 glomeruli in the olfactory bulb than F2-Prop-M71 mice whose 
F0 generation had been conditioned to propanol. Scale bar represents 
200 m. (g) Dorsal M71 glomerular area in F2 generation (M71-LacZ:  
F2-Prop, n = 7; F2-Ace, n = 8; t test, P < 0.0001, t13 = 5.926).  
(h) Medial M71 glomerular area in F2 generation (M71-LacZ: F2-Prop, 
n = 6; F2-Ace, n = 10; t test, P = 0.0006, t14 = 4.44). (i) Dorsal M71 
glomerular area in IVF offspring (F1-Prop-IVF, n = 23; F1-Ace-IVF, n = 16;  
t test, P < 0.001, t37 = 4.083). (j) Medial M71 glomerular area in  
IVF offspring (F1-Prop-IVF, n = 16; F1-Ace-IVF, n = 19; t test, P < 0.001,  
t33 = 5.880). Data are presented as mean  s.e.m.*P < 0.05,  
**P < 0.01, ***P < 0.001, ****P < 0.0001. 
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 quantitative PCR was performed for the Olfr151 gene. We did not 
observe any differences in histone-mediated epigenetic signatures 
around the M71 locus when chromatin was immunoprecipitated 
with antibodies that recognize histone modifications that either per-
mit (acetylated H3) or repress (H3trimethyl K27) to transcription 
(Supplementary Fig. 7). The fact that the M71 locus was not epige-
netically marked via histones in the F0 sperm could indicate that we 
did not immunoprecipitate with the relevant histone-modification 
antibody or that the epigenetic basis of this inheritance might not be 
histone based, instead relying on other mechanisms, such as DNA 
methylation (as reported above) or non-coding RNA, as has been 
demonstrated for the Kit locus33.

DISCUSSION
Focusing on classical conditioning in an F0 generation before concep-
tion and using specific odors as the conditioned stimuli allowed us to 
tag a specific olfactory experience and follow the salience of that expe-
rience at the level of behavior and neuroanatomy through subsequent 
generations. We found that the F1 and F2 generations were extremely 
sensitive to the specific odors used to condition F0 mice. Using a trans-
genic mouse in which OSNs expressing a specific odorant receptor can 
be visualized, we found that the behavioral sensitivity was accompa-
nied by an altered olfactory neuroanatomy for the conditioned odor. 
The fact that these changes persisted after IVF, cross-fostering and 
across two generations is indicative of biological inheritance. Finally, 
we observed that the sperm of the F0 and F1 generation males bear 
epigenetic marks that could be the basis for such inheritance.

There have been other studies that examined the transmission of 
stimulus-specific behavioral and structural adaptations in the nerv-
ous system from parents to their offspring, albeit with substantial 
differences from our experimental design. For example, in utero taste 
aversion learning affects the offspring’s preference and avoidance of 
flavors and odors in the mother’s diet during gestation34. In addi-
tion, quality of maternal care is transmitted across generations in 
rodents27. Furthermore, fetal origins of diseases have been proposed 
for a multitude of disorders as having their roots in the experience 
of the fetus to the parental environment while in utero35. From a 
chemosensory perspective, anti-predatory behavior is transmitted 
from gravid female crickets to their offspring when the females are 
exposed to a high density of a predator36. Finally, indirectly related to 
our study is a report that supplementing the mouse maternal diet with 

acetophenone at various stages of gestation increases M71 glomerular 
area and preference for acetophenone in adolescent offspring37. This 
last study exemplifies how the olfactory sensitivity and neuroanatomy 
of offspring can bear imprints of parental experience.

However, it is imperative to realize that all of the aforementioned 
manipulations of the parental condition have occurred when the pups 
or embryos are in utero, thereby assaying behavior and neuroanatomy 
in animals that are extremely different from those conceived after 
perturbation to the parent. In other words, the fetuses in the cited 
studies were directly exposed to the environmental perturbation. This 
important point about perturbation of the parental (F0) environment 
affecting the F1 embryo directly, as well as the F2 germ line, has been 
used to argue that true transgenerational inheritance should manifest 
itself in the F3 generation38. It is important to note that the F2 mice 
that we tested are a full and complete generation removed from the 
environmental perturbation of their parent; as such, our observations 
suggest a transgenerational phenomenon. Our IVF data complement 
this point further.

Most recently, several studies have factored paternal effects and 
transgenerational inheritance of behavior and metabolic states into 
their experimental design. First, paternal diet has been shown to have 
marked effects on the metabolic physiology of offspring conceived 
after the father’s diet had been manipulated7. Second, exposure to the 
anti-androgenic endocrine disruptor vinclozolin during embryonic 
gonadal sex determination affects fertility and behavior in at least four 
subsequent generations, and it is associated with epigenetic changes 
in the sperm of descendant male offspring2,9,39. A recent study used 
a social defeat procedure in mice and found paternal transmission of 
depressive-like behavior in subsequently conceived adult offspring. 
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Figure 6 Methylation of odorant receptor genes in sperm DNA from 
conditioned F0 and odor naive F1 males. (a) Bisulfite sequencing of  
CpG di-nucleotides in the Olfr151 (M71) gene in F0 sperm revealed that 
F0-Ace mouse DNA (n = 12) was hypomethylated compared with  
that of F0-Prop mice (n = 10) (t test, P = 0.0323, t16 = 2.344).  
(b) A particular CpG di-nucleotide in the Olfr151 (M71) gene in  
F0 sperm was hypomethylated in F0-Ace mice (n = 12) compared with  
F0-Prop mice (n = 10) (P = 0.003, Bonferroni corrected). (c) We found  
no differences in methylation between F0-Ace (n = 12) and F0-Prop  
(n = 10) mice across all of the CpG di-nucleotides queried in the Olfr6 
gene in F0 sperm (P > 0.05). (d) Across specific CpG di-nucleotides in 
the Olfr6 gene, we found no differences in methylation between F0-Ace 
(n = 12) and F0-Prop (n = 10) mice (Bonferroni corrected). (e) Bisulfite 
sequencing of the Olfr151 (M71) gene in F1 sperm revealed that F1-Ace 
mouse DNA (n = 4) was hypomethylated compared with that of F1-Prop 
mice (n = 4) (t test, P = 0.0153, t14 = 2.763). (f) Bisulfite sequencing 
of CpG di-nucleotides in the Olfr151 (M71) gene in F1 sperm revealed 
that two particular CpG di-nucleotides in the Olfr151 (M71) gene were 
hypomethylated in F1-Ace mice (n = 4) compared with F1-Prop mice  
(n = 4) (P = 0.002, Bonferroni corrected). Data are presented as  
mean  s.e.m. *P < 0.05 after correction.
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 quantitative PCR was performed for the Olfr151 gene. We did not 
observe any differences in histone-mediated epigenetic signatures 
around the M71 locus when chromatin was immunoprecipitated 
with antibodies that recognize histone modifications that either per-
mit (acetylated H3) or repress (H3trimethyl K27) to transcription 
(Supplementary Fig. 7). The fact that the M71 locus was not epige-
netically marked via histones in the F0 sperm could indicate that we 
did not immunoprecipitate with the relevant histone-modification 
antibody or that the epigenetic basis of this inheritance might not be 
histone based, instead relying on other mechanisms, such as DNA 
methylation (as reported above) or non-coding RNA, as has been 
demonstrated for the Kit locus33.

DISCUSSION
Focusing on classical conditioning in an F0 generation before concep-
tion and using specific odors as the conditioned stimuli allowed us to 
tag a specific olfactory experience and follow the salience of that expe-
rience at the level of behavior and neuroanatomy through subsequent 
generations. We found that the F1 and F2 generations were extremely 
sensitive to the specific odors used to condition F0 mice. Using a trans-
genic mouse in which OSNs expressing a specific odorant receptor can 
be visualized, we found that the behavioral sensitivity was accompa-
nied by an altered olfactory neuroanatomy for the conditioned odor. 
The fact that these changes persisted after IVF, cross-fostering and 
across two generations is indicative of biological inheritance. Finally, 
we observed that the sperm of the F0 and F1 generation males bear 
epigenetic marks that could be the basis for such inheritance.

There have been other studies that examined the transmission of 
stimulus-specific behavioral and structural adaptations in the nerv-
ous system from parents to their offspring, albeit with substantial 
differences from our experimental design. For example, in utero taste 
aversion learning affects the offspring’s preference and avoidance of 
flavors and odors in the mother’s diet during gestation34. In addi-
tion, quality of maternal care is transmitted across generations in 
rodents27. Furthermore, fetal origins of diseases have been proposed 
for a multitude of disorders as having their roots in the experience 
of the fetus to the parental environment while in utero35. From a 
chemosensory perspective, anti-predatory behavior is transmitted 
from gravid female crickets to their offspring when the females are 
exposed to a high density of a predator36. Finally, indirectly related to 
our study is a report that supplementing the mouse maternal diet with 

acetophenone at various stages of gestation increases M71 glomerular 
area and preference for acetophenone in adolescent offspring37. This 
last study exemplifies how the olfactory sensitivity and neuroanatomy 
of offspring can bear imprints of parental experience.

However, it is imperative to realize that all of the aforementioned 
manipulations of the parental condition have occurred when the pups 
or embryos are in utero, thereby assaying behavior and neuroanatomy 
in animals that are extremely different from those conceived after 
perturbation to the parent. In other words, the fetuses in the cited 
studies were directly exposed to the environmental perturbation. This 
important point about perturbation of the parental (F0) environment 
affecting the F1 embryo directly, as well as the F2 germ line, has been 
used to argue that true transgenerational inheritance should manifest 
itself in the F3 generation38. It is important to note that the F2 mice 
that we tested are a full and complete generation removed from the 
environmental perturbation of their parent; as such, our observations 
suggest a transgenerational phenomenon. Our IVF data complement 
this point further.

Most recently, several studies have factored paternal effects and 
transgenerational inheritance of behavior and metabolic states into 
their experimental design. First, paternal diet has been shown to have 
marked effects on the metabolic physiology of offspring conceived 
after the father’s diet had been manipulated7. Second, exposure to the 
anti-androgenic endocrine disruptor vinclozolin during embryonic 
gonadal sex determination affects fertility and behavior in at least four 
subsequent generations, and it is associated with epigenetic changes 
in the sperm of descendant male offspring2,9,39. A recent study used 
a social defeat procedure in mice and found paternal transmission of 
depressive-like behavior in subsequently conceived adult offspring. 

100

a b

80

60

F0-
Pro

p-

Spe
rm

F0-
Ace

-

Spe
rm

Olfr151 (over all CpG sites) Olfr151 (individual CpG sites)

*
*

P
er

ce
nt

ag
e 

m
et

hy
la

tio
n

100

80

60

CpG
1
CpG

2
CpG

3
CpG

4
CpG

5
CpG

6
CpG

7
CpG

8
CpG

9P
er

ce
nt

ag
e 

m
et

hy
la

tio
n

F0-Prop-Sperm
F0-Ace-Sperm

Olfr6 (over all CpG sites) Olfr6 (individual CpG sites)

F0-
Ace

-

Spe
rm

dc
100

80

60

CpG
1
CpG

2
CpG

3
CpG

4
CpG

5
CpG

6
CpG

7
CpG

8
CpG

9P
er

ce
nt

ag
e 

m
et

hy
la

tio
n100

80

60P
er

ce
nt

ag
e 

m
et

hy
la

tio
n

F0-Prop-Sperm
F0-Ace-Sperm

F0-
Pro

p-

Spe
rm

F1-
Pro

p-

Spe
rm

F1-
Ace

-

Spe
rm

fe Olfr151 (individual CpG sites)

* *
100

80

60

CpG
1
CpG

2
CpG

3
CpG

4
CpG

5
CpG

6
CpG

7
CpG

8

P
er

ce
nt

ag
e 

m
et

hy
la

tio
n100

80

60

Olfr151 (over all CpG sites)

*

P
er

ce
nt

ag
e 

m
et

hy
la

tio
n

F1-Prop-Sperm
F1-Ace-Sperm

Figure 6 Methylation of odorant receptor genes in sperm DNA from 
conditioned F0 and odor naive F1 males. (a) Bisulfite sequencing of  
CpG di-nucleotides in the Olfr151 (M71) gene in F0 sperm revealed that 
F0-Ace mouse DNA (n = 12) was hypomethylated compared with  
that of F0-Prop mice (n = 10) (t test, P = 0.0323, t16 = 2.344).  
(b) A particular CpG di-nucleotide in the Olfr151 (M71) gene in  
F0 sperm was hypomethylated in F0-Ace mice (n = 12) compared with  
F0-Prop mice (n = 10) (P = 0.003, Bonferroni corrected). (c) We found  
no differences in methylation between F0-Ace (n = 12) and F0-Prop  
(n = 10) mice across all of the CpG di-nucleotides queried in the Olfr6 
gene in F0 sperm (P > 0.05). (d) Across specific CpG di-nucleotides in 
the Olfr6 gene, we found no differences in methylation between F0-Ace 
(n = 12) and F0-Prop (n = 10) mice (Bonferroni corrected). (e) Bisulfite 
sequencing of the Olfr151 (M71) gene in F1 sperm revealed that F1-Ace 
mouse DNA (n = 4) was hypomethylated compared with that of F1-Prop 
mice (n = 4) (t test, P = 0.0153, t14 = 2.763). (f) Bisulfite sequencing 
of CpG di-nucleotides in the Olfr151 (M71) gene in F1 sperm revealed 
that two particular CpG di-nucleotides in the Olfr151 (M71) gene were 
hypomethylated in F1-Ace mice (n = 4) compared with F1-Prop mice  
(n = 4) (P = 0.002, Bonferroni corrected). Data are presented as  
mean  s.e.m. *P < 0.05 after correction.
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Figure 1 The effect of paternal grandparental food supply (good¼ red filled squares, poor¼green open squares) at different times in their early life
on the mortality rate of their grandchildren. Both (a and b) show on the Y-axis the mortality RR of the grandchildren separated by sex, first the
grandsons’ mortality RR and below this, the granddaughters’ mortality RR. The age at which the paternal grandparent was exposed to good or poor
food supply is given along the X-axis. The grandchildren’s mean mortality RR results are plotted for both those paternal grandparents who had a good
food supply (red) and those who had a poor supply (green) at the specified age on the X-axis. (a) First relates paternal grandfathers’ exposure to his
grandsons’ mortality RR and then below the paternal grandmothers’ exposure to her granddaughters’ mortality RR. (b) First relates paternal
grandmothers’ exposure to his grandsons’ mortality RR and then below the paternal grandfathers’ exposure to her granddaughters’ mortality RR. The
data points were obtained using a 3-year frame, advanced one year at a time, for grandparental age at exposure, to produce rolling means for the
grandchild’s (proband’s) mortality RR for both ‘good’ and ‘poor’ ancestral food supply. Exposure to at least 1 year of surfeit of food or to at least 1 year
of poor availability during a 3-year period denotes it as exposure to a ‘good’ period or a ‘poor’ period respectively. wFood supply at age 0 years is the
mean for the 33-month period from "267 days until the day before the second birthday and therefore includes fetal life.

Transgenerational responses in humans
ME Pembrey et al

163

European Journal of Human Genetics

Reduced longevity associated with cardiovascular disease and diabetes

Overkalix, an isolated community in northern Sweden 
late 1890-1995. Health and food records

Pembrey et al 2006 European Journal of Human Genetics

Epigenetic abnormalities associated with 
certain diseases are influenced by genetic 
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• Epigenetic marks are involved in development 

• DNA methylation at CpG sites is associated with 
down-regulation of gene expression 

• Histone acetylation is associated with up-regulation of 
gene expression 

• Tissue-specific cell-line memory is established and 
maintained through epigenetic modifications. 

• Epigenetic changes can happen during the lifetime of 
individuals due to interactions with environment 

• Environment can have effects on epigenome/
phenotype that can be inherited transgenerationally

Summary Open Questions in Epigenetic 
Research 

Allis et al 2015

Mutations of Epigenetic Machinery  
Many genes involved in epigenetic machinery have been 

identified to be mutated in cancer

Allis et al 2015


