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The classics

Yellow mouse
• High risk of cancer, 

diabetes, obesity; 
• Reduced lifespan

Agouti mouse
• Low risk of cancer, 

diabetes, obesity; 
• Prolonged lifespan

Maternal 
supplements with 
Zinc, methionine, 
betaine, choline, 

folate, B12

The Avy allele resulted from the insertion of
an IAP murine retrotransposon upstream of the
transcription start site of the Agouti gene
(Figure 1A) (Duhl et al. 1994; Waterland and
Jirtle 2003). A cryptic promoter in the proximal
end of the Avy IAP promotes constitutive
ectopic Agouti transcription, leading to yellow
fur, obesity, and tumorigenesis (Miltenberger
et al. 1997; Morgan et al. 1999). CpG methyla-
tion in the Avy IAP correlates inversely with
ectopic Agouti expression. The degree of methy-
lation and corresponding level of ectopic Agouti
expression vary stochastically among individual
isogenic Avy/a mice, causing a wide variation in
coat color ranging from yellow (unmethylated)
to pseudoagouti (methylated) (Morgan et al.
1999) (Figure 1B,C). Increased body weight is
also positively correlated to ectopic agouti
expression, as seen in the week 15 isogenic
Avy/a littermates shown in Figure 1C.

Offspring characteristics and coat-color
distribution. The total number of offspring
studied was from 15 unsupplemented litters
(52 Avy/a offspring) and 12 genistein-supple-
mented litters (44 Avy/a offspring). Maternal

genistein did not significantly influence litter
size, wean weight, percent survival, or sex
ratio (data not shown). Maternal genistein
supplementation shifted the coat-color distri-
bution of genetically identical day 21 Avy/a
offspring toward the pseudoagouti phenotype
(chi-square, p = 0.0005) (Figure 2A). Fifty
percent of genistein-supplemented offspring
were classified as pseudoagouti or heavily
mottled, compared with 23% of unsupple-
mented offspring. Furthermore, only 7% of
genistein-supplemented offspring were cate-
gorized at yellow, compared with > 21% of
the unsupplemented offspring.

Genistein supplementation and DNA
methylation. Bisulfite sequencing methylation
analysis (Grunau et al. 2001) of CpG sites in
the cryptic promoter region of the Avy IAP
(Figure 1A,1B, Figure 2B) showed a statisti-
cally increased average percentage of cells
methylated in genistein-supplemented off-
spring (n = 44) relative to that in unsupple-
mented offspring (n = 52) (two-tailed t-test,
p = 0.025). Analysis of site-specific methyla-
tion at nine individual CpG sites revealed

significantly different methylation between the
unsupplemented and genistein-supplemented
diet groups at sites 4–9 (two-tailed t-test, p =
0.004, 0.02, 0.04, 0.03, 0.05, and 0.02,
respectively; Figure 2B,C). Moreover, the sta-
tistical significance of site 4 is an order of mag-
nitude greater than that for sites 5–9.

The relationship between genistein diet,
IAP methylation, and coat color was further
assessed by mediational regression analysis
(Baron and Kenny 1986) (Figure 3). Genistein
diet significantly influences brown coat color
(Figure 3A, top), but this relationship was
attenuated when regional Avy CpG methyla-
tion of sites 4–9 was included in the model
(Figure 3A, bottom). Interestingly, the effect of
methylation on coat color was most pro-
nounced when individual site 4 methylation
status was specified (Figure 3B), suggesting
that site 4 methylation principally mediates the
effect of genistein supplementation on Avy/a
coat color.

Average methylation in day 21 tail tissues
from a subset of genistein-supplemented ani-
mals (n = 5) was highly correlated with average
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Figure 1. Methylation status of CpG sites within the Avy IAP in genetically identical Avy/a littermates. (A) A contraoriented IAP insertion within pseudoexon 1A
(PS1A) of the murine Agouti gene. A cryptic promoter (short arrow labeled Avy) drives ectopic Agouti expression. CpG sites 1–9 are oriented in the 3´ to 5´ direction
with respect to the IAP insertion, as shown. Transcription of A and a alleles initiates from a hair-cycle–specific promoter in exon 2 (short arrow labeled A,a).
(B) Pseudoagouti animals exhibit the highest degree of CpG methylation at sites 4–9. Bisulfite sequencing reveals increasing intensity of the cytosine lane at CpG
sites 4–9 within the Avy IAP in genetically identical Avy/a animals representing the five coat classes. (C) Genetically identical week-15 Avy/a mouse littermates
representing the five coat-color phenotypes.
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Figure 2. Coat-color distribution and methylation of CpG sites 4–9 of the Avy IAP in offspring whose mothers were fed unsupplemented and genistein-supple-
mented (250 mg genistein/kg diet) diets. (A) Coat-color distribution of Avy/a offspring born to 15 unsupplemented and 12 genistein-supplemented litters.
(B) Genomic sequence containing nine CpG sites located between the cryptic Agouti promoter and the IAP promoter (blue arrow in Figure 1A) at the 5´ end of the
contraoriented Avy IAP. CpG sites 1–9 are numbered and marked by gray boxes. (C) Box plots representing the percentage of cells methylated at sites 4–9 in
unsupplemented (n = 52) and genistein-supplemented (n = 44) Avy/a offspring. Ends of the boxes indicate the interquartile range representing the 25th to 75th per-
centiles of the data; horizontal lines within each box indicate median; and dashed horizontal lines represent average percent methylation of CpG sites 4–9
according to coat-color phenotype.
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Maternal genistein alters the fetal epigenome
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Epigenetic mutation upregulate oncogenes



50% tumors had at least one oncoexaptation

Josh

Nakul

Jang, Shah, et al, Nat Genetics, 2019



Oncoexaptation: from prognostic to cancer evolution

Jang, Shah, et al, Nat Genetics, 2019



Where is the Queen?

Larvae

Queen Worker



that includes DNA cytosine-5-methyltransferases
(Dnmts), histone deacetylases (HDAs), andmethyl-
binding proteins (MBPs) (18). Although Dnmts
appear to be widely conserved in evolution, evi-
dence for a fully functional DNA methylation
system in insects has not been forthcoming. Re-
cently, we reported that the honeybee has a full
complement of all three functional Dnmts with in
vivo properties similar to those of the CpGmeth-
ylation system in vertebrates (19). Apis has two
orthologs of Dnmt1, one ortholog of Dnmt2, and
one of Dnmt3 (19, 20). However, dipterans, such
as Drosophila and mosquitoes, lack some mem-
bers of this family and possess only a Dnmt2
ortholog. The Apis genome also encodes con-
served MBPs including components of the nucleo-
some remodeling and HDA complex. Because
all three Dnmt enzymes are shared by humans
and honeybees but not by other commonly used
model invertebrates, such findings establish the
honeybee as a model to not only study the func-
tion of DNA methylation in invertebrates, but
also for examining any fundamental overlaps that
may help in understanding the nutritional basis of
epigenetic reprogramming in humans. Although
the global methylation landscape of the Apis ge-
nome remains ill defined, severalmethylated genes
have already been identified, revealing that CpG
methylation occurs preferentially within the cod-
ing exons but not at the 5 and 3 regions of the
transcription units (19).

Accordingly, we examined how this highly
conserved molecular machinery in Apis could be
used to elucidate the contrasting anatomical,
physiological, and behavioral characteristics of
honeybee castes that are brought about by dif-
ferences in their early life environment.

We used RNA interference (RNAi) technol-
ogy to silence the expression of Dnmt3 in newly

hatched L1 larvae and in embryos because this de
novo methylase has been implicated in establish-
ingDNAmethylation patterns during development
(18, 20). Injections ofDnmt3 small interferingRNA
(siRNA) into newly hatched larvae were well tol-
erated and led to a transient but significant decrease
in the amount of Dnmt3 message, whereas this
treatment was lethal for embryos (21). Both quan-
titative polymerase chain reaction (PCR) and
in situ hybridization show that the amount of
Dnmt3 mRNA is lower in siRNA-treated larvae
than in control individuals (Fig. 1), with the stron-
gest silencing occurring 48 to 50 hours post-
injection, a time that coincides with the L2-to-L3
larval transition, a critical “decision-making” period
in larval development (7–11). In contrast, injections
of a “nonlarval” gene, uth (22), had no detectable
effects on the amount of Dnmt3 mRNA.

This interference with Dnmt3 expression trig-
gers profound developmental changes leading to
contrasting adult outcomes (Fig. 2; see fig. S1 for
data from individual experiments). In the Dnmt3
siRNA-treated larvae, the majority of emerging
adults (72%) were queens with fully developed
ovaries, and the remaining 28%were typical work-
ers with rudimentary ovaries (Fig. 2). In contrast,
in the larval group injected with a control gene
siRNA (uth), 77% of adults emerged as workers,
whereas the remaining 23% exhibited queenlike
morphological features. However, these queen-
like individuals had grossly underdeveloped ova-
ries with no more than 50 to 80 ovarioles per
ovary compared with at least 120 to 190 ovari-
oles in those queens emerging in the Dnmt3
siRNAexperiment (Fig. 2). The ovaries of siRNA-
induced queens are practically indistinguishable
from the ovaries of a virgin queen reared in the
hive on pure royal jelly. Workers have only ru-
dimentary ovaries with two to six ovarioles.

Do these phenotypic effects correlate with
methylation changes in larval DNA? Because
global methylation in the honeybee genome is
low, we examined the methylation status of cy-
tosines in a single gene, dynactin p62, that we
had previously shown to be differentially meth-
ylated during development [figure S3 in (19)].
Dietary changes lead to differential expression
of this gene in Drosophila, further underscoring
its role in growth and feeding-related processes
(23, 24).

As with all genes so far examined for CpG
methylation in Apis, dynactin p62 is methylated
exclusively within the coding exonic sequences.
Within the exonic landscape, we chose exons 5,
6, and 7 for bisulfite conversion because they con-
tain a total of 10CpGdinucleotides (Fig. 3), a high
concentration comparedwith other geneswe have
examined.With this 0.5-kb bisulfite-converted and
PCR-amplified fragment, we first mapped differ-
ences indynactin p62methylation by usingDNAs
isolated from hive-reared whole larvae (late L3)
destined to become either queens or workers. As
shown in Fig. 3A, there is a detectable decrease
in the overall amount of methylation of dynactin
p62 in the queen larvae (48%) versus the worker
larvae (58%), suggesting that themethylation state
of certain genes may correlate with the larva’s de-
velopmental trajectory. However, because there
are virtually no cell divisions during larval growth
and larval tissues are both highly polypoid and
heterogeneous with regard to their ploidy level
(see examples in fig. S2), varying DNA dosages
at any locus introduces technical limitations on
methylation measurements in whole larvae.
Therefore, to better evaluate the effectiveness of
Dnmt3 RNAi silencing, we used only DNAs
extracted from larval heads (late L3). Although
the larval head contains several cell types (25),

Fig. 2. Effect of Dnmt3 silencing on
caste development in honeybees. New-
ly emerged larvae were injected either
with a nonlarval control gene,uth, siRNA
or with Dnmt3 siRNA and allowed to
develop until adulthood in a climate-
controlled incubator. In both groups,
the larvae developed normally, but the
emerging adults displayed contrasting
phenotypes. (A) The number of adults
in each phenotypic category (workers,
queens, and queenlikes). (B) The num-
ber of ovarioles per single ovary in each
phenotypic class. Range error bars en-
compass the lowest and highest values.
(C) Examples of ovaries dissected from
each category and, for comparison, from
a virgin queen reared in the hive on royal
jelly. Queenlikes have queenmorpholog-
ical features but fewer ovarioles per ovary
than queens [see (B)]. Workers have only
rudimentary ovaries with two to six ovar-
ioles. The figure is a compilation of four
independent experiments. See (21), table
S2, and fig. S1 for more details and re-
sults from individual experiments.
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the tissues most relevant to developmental pro-
cesses are brain neurosecretory cells and corpora
allata (CA), the gland producing juvenile hor-
mone implicated in the control of development
and caste determination (7). The CA undergo
several phases of endomitosis that lead to a high
degree of its polyploidization in both queens and
workers, but the rate of growth of the CA in
queens is significantly accelerated, and at the
completion of larval development (L5) the queen
CA are twice the size of the worker CA (26). The
high amount of Dnmt3 expression in CA shown
in Fig. 1B may well be indicative of a link be-
tween the gland’s function and its methylation
status. Furthermore, the highly polyploid nature
of the CA at stages L3 to L5 (fig. S2) must cor-
relate with massive DNA replication that pro-
vides an opportunity for either adding or removing
the methyl tags to target loci.

The results shown in Fig. 3 are consistent
with this expectation. As illustrated in Fig. 3B,
the 10% decrease in dynactin p62 methylation
in the heads of queen larvae is basically the
same as the decrease found in the whole bodies,

but the overall amount of CpG methylation in
clones sequenced from both worker and queen
larval heads is significantly higher than those
analyzed from the whole bodies. The heads of
worker larvae show 73% methylation across the
dynactin fragment compared with only 58% in
clones extracted from the workers’ whole bodies,
and for the queen larvae the head clones show
63% methylation versus 48% in the whole bodies
(Fig. 3, A and B, right). This finding suggests
that during larval development a high amount of
CpG methylation and/or demethylation is asso-
ciated with selected tissues, most likely with
those that undergo massive DNA replication,
such as cells of the CA and neurosecretory cells.

The analysis of the Dnmt3 RNAi silencing
experiments in laboratory-reared larvae reveals a
profile that is remarkably similar to that seen in
the hive-reared individuals (Fig. 3C). The heads
of worker larvae in the control group (worker-
destined) show 79% methylation across the
dynactin p62 fragment, whereas the clones ex-
tracted from the Dnmt3 siRNA-injected larvae
(queen-destined) show63%methylation (Fig. 3C).

Interestingly, individual CpG sites reveal
greater differences between the castes than those
illustrated by the average methylation amounts
across the entire dynactin fragment. For CpG
sites 2 and 4, the decrease in cytosinemethylation
between the control and siRNA-treated clones is
more than 30%, and for CpG site 10 the
difference is 25% (Fig. 3C). These CpGs also
show more than the average differential methyl-
ation in the heads of hive-reared larvae (Fig. 3B).
This finding suggests that certain CpG sites
might be preferentially methylated, but further
studies are required to determine whether CpG
methylation in Apis is used for transcriptional
silencing of individual genes or is part of a global
mechanism controlling transcriptional domains
across the whole genome.

To identify members of networks regulated
by methylation during larval growth and to gain
some understanding of the epigenetic hierarchy
that leads to alternative developmental paths we
used the honeybee genomic oligonucleotide
microarray to compare global gene expression
between the control and Dnmt3-silenced lar-
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Fig. 3. Methylation status of cytosines in CpG dinucleotides ofdynactin p62.
The percentage of methylation for individual CpGs is shown in boxes, and the
overall methylation in the right-hand graphs. DNA was isolated by using
larvae collected (A and B) from the hive [for (A), pooled whole late-L3 larvae,
n = 7; for (B), heads only, n = 20 for workers and n = 14 for queen larvae] and
(C) from pooled heads of late-L3 in vitro reared larvae (n = 7). The number of

clones sequenced for each category is shown above the bars in the right-hand
graphs. Methylation quantities along this gene were analyzed with a general
linear model of the binomial family (31) by using treatment (diet or RNAi) and
position as factors to model the state of each CpG. The differences between
queen larvae (QL) and worker larvae (WL) as well as the effect of RNAi are
statistically significant.
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F i g u r e 1 . C p G (o / e) b i as o f p r o t e i n-c o d i n g r e g i o ns i n t h e h o n e y b e e g e n o m e . Since the profiles for both queens and workers are virtually
identical, only the queen profile is shown.
doi:10.1371/journal.pbio.1000506.g001

F i g u r e 2 . C o m p a riso n o f C p G m e t h y l a t i o n p r o fil es i n d if f e r e n t i a ll y m e t h y l a t e d g e n es g e n e r a t e d b y t w o t e c h n o l o g i es, So l e x a
g e n o m e-w i d e sh o t g u n se q u e n ci n g a n d 4 5 4 se q u e n ci n g o f P CR p r o d u c e d a m p lic o ns. The ‘‘heat maps’’ represent the 454 sequencing of
PCR amplified segments, whereas the bars illustrate the Solexa reads. The eight nuclear genes for this experiment were chosen from the list of DMGs
shown in Tables 3 and S2, taking into account the availability of convenient CpG-containing regions for primer design. Six genes are shown in this
figure and the others in Figure 3. Gene annotations: GB18602 - membrane protein; GB18207 - cadherin; GB15132 - TAP42 (TOR signaling); GB14848 -
clathrin assembly protein; GB15356 - syd, chromosome segregation; GB11061 - seryl-tRNA synthetase.
doi:10.1371/journal.pbio.1000506.g002

Brain Methylomes in Honey Bees

PLoS Biology | www.plosbiology.org 4 November 2010 | Volume 8 | Issue 11 | e1000506

Workers are more methylated
Inhibition of Dnmt3 phenocopy Royal Jelly



The King of Butterflies 
The Monarch



Same Genome

Different Epigenome

Different Phenotype



What is Epigenetics/Epigenomics?
§ A mitotically or meiotically heritable state of different gene activity and expression 

(phenotype) that is independent of differences in DNA sequence (genotype) – based on 
Conrad Waddington, 1942

§ The sum of the alterations to the chromatin template that collectively establish and 
propagate different patterns of gene expression (transcription) and silencing from the 
same genome.

§ Epigenetic changes influence the phenotype without altering the genotype. 

§ While epigenetics often refers to the study of single genes or sets of genes, 
epigenomics refers to more global analyses of epigenetic changes across the entire 
genome.



The Epigenome
The complete number, location, and types of epigenetic modifications 

that occur in a given cell. 



Conrad Hal Waddington
(1905–1975)
Developmental biologist
Paleontologist
Geneticist
Embryologist
Philosopher
Founder for systems biology

Epigenetic Landscape



Inheritance, broad definition of epigenetics



Epigenetics Mechanisms

Gene Expression

RNA Interference

Histone Modifications
Nucleosome Positioning DNA Methylation



• DNA methylation

• Normal cells:  role in gene expression and chromosome stability
• Cancer cells: consequences of aberrant hypo- and hyper-methylation

• Histone modification

• Normal cells - the histone code
• Cancer cells - consequences of altered histone modifying enzymes

• Interaction between DNA methylation, histone modifications and 
small RNAs

• Cell/tissue type specificity

• Gene/Environment interaction, disease susceptibility

Epigenetic mechanisms



What is DNA Methylation?



The 5th base



History of DNA 5-mC

Chen et al., Cell Chemical Biology (2016) Key: function reader writer  eraser

Year Event Scientists

1951 DNA 5-mC first reported Wyatt

1968 Activity of a DNA 5-mC writer detected Kalousek & Morris

1975 Model for maintaining 5-mC across cell divisions proposed by 2 independent groups Riggs
Holliday & Pugh

1980 DNA 5-mC is associated with gene repression using 5-azacytidine Jones & Taylor

1982 De novo DNA methylation detected Jahner et al.

1983 1st DNA 5-mC writer, Dnmt1, purified Bestor & Ingram

1987 DNA methylation of promoters associated with gene repression Kovesdi et al.

1989 1st DNA 5-mC reader, MeCP1, discovered Meehan et al.

1993 DNA 5-mC is associated with gene repression using dnmt1 knockout mice Li et al.

1998 Function of Dnmt3a and Dnmt3b (de novo methylation of proviral DNA and 
repetitive sequences) determined Okano et al.

1998 Additional DNA 5-mC readers, MeCP2, MBD1, MBD2 & MBD4, discovered Hendrich & Bird

2002 Function of Dnmt3L (de novo methylation of maternal imprinted genes) determined Hata et al.

2007 DNA methylation of gene bodies associated with gene expression Hellman & Chess

2009 DNA 5-mC erasers, TET1-3, discovered Tahiliani et al.
Kriaucionis & Heintz



Two classes of DNA methyltransferases (DNMTs)

Jones and Liang, 2009 
Nature Review Genetics



DNA Methylation is Heritable
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DNA demethylation pathways

Passive

Replication

TET
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Active
TET

BER

BERReplication

BER = base excision repair pathway
Branco et al., Nature Reviews Genetics (2012) | Chen et al., Cell Chemical Biology (2016)
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DNA methylation is not distributed evenly in the 
mammalian genome

• In human somatic cells, 60%-80% of all CpGs
(~1% of total DNA bases) are methylated

• Most methylation is found in “repetitive” elements

• “CpG islands”, GC-rich regions that possess a high density of CpGs, 
remain methylation-free

• The promoter regions of  ~70% of genes are embedded in CpG
islands



Function of DNA Methylation in Mammalian System

• Host defense - endogenous parasitic sequence (repeats, etc.)

• Imprinting

• X chromosome inactivation

• Heterochromatin maintenance, chromosome stability, telomere length

• Gene expression controls



Normal pattern and function of 
DNA methylation



DNA methylation changes during 
developmental epigenetic reprogramming



Normal Patterns of DNA Methylation

1 2 1 2 3

CpG islands and gene expression

Pericentromeric regions - stability

Transcription

Methylated CpG

Unmethylated CpG



Mechanisms of gene silencing by methylation

Direct mechanism:
Inhibition of transcription factor binding (eg.CTCF, UBF) 
Not a universal mechanism since not all transcription factor binding sites contain CG 

dinucleotides

Indirect mechanism: 
Inhibition mediated by methyl-CpG binding proteins MeCP1/ MeCP2
Recruitment of corepressor complexes including histone deacetylases (HDAC)

Change in chromatin conformation



DNA methylation in cancer
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Tumor Suppressor Gene Inactivation in 
Human Cancer

Normal Tumor

Methylation

x

Mutation
And
Deletion

Homozygous 
Deletion

CH3

Knudsen’s 2-hit hypothesis, 1971



Cancer is a genetic and epigenetic disease

CTCF

Methylation 
of 

CTCF site

Flavahan et al. Nature 2016



Aberrant DNA Methylation in Cancer

1 2 1 2 3

CpG islands hypermethylation

Pericentromeric hypomethylation

STOP

Methylated CpG

Unmethylated CpG



Robertson, Nature Reviews Genetics, Vol6, 597

Different regions of the genome are 
hypermethylated or hypomethylated in cancer



“Epigenetic cancer therapy”



DNA methylation and other diseases



Imprinting Diseases: 
Angelman and Prader-Willi Syndromes

Angelman Syndrome
• “Happy puppet”
• Severe mental 
retardation
• Absence of speech
• Happy disposition
• Excessive laughing
• Hyperactive, with jerky 
repetitive motions
• Red cheeks, large jaw 
and mouth

Prader Willi Syndrome
• Small hands and feet
• Underactive gonads, 

tiny external genitals
• Short stature
• Mentally retarded
• Slow-moving
• Compulsive overaters
• Obese



Imprinting Diseases: 
Angelman and Prader-Willi Syndromes

Chr15 deletion, ~4Mb

Loss of maternal contribution
UBE3A
Angelman Syndrome

Loss of paternal contribution
SNRPN
Prader-Willi

Syndrome



Genomic imprinting

• Imprinting is unique to mammals 
and flowering plants. In mammals, 
about 1% of genes are imprinted.

• For imprinted genes, one allele is 
expressed and the other is silent. 

• This is typically controlled 
epigenetically. The expressed alleles 
are unmethylated and associated 
with loosely packed chromatin.

• Imprinted genes bypass epigenetic 
reprogramming.

• Imprinting is required for normal 
development



Why imprinting?
• The Genetic Conflict 

Hypothesis
• Many imprinted genes are 

involved in growth and 
metabolism. 

• Paternal imprinting favors the 
production of larger offspring, 
and maternal imprinting favors 
smaller offspring

• Imprinted genes are under 
greater selective pressure.
• No back up!
• Any variation in single gene is 

expressed
• Closely related species have 

different imprinting patterns
• Liger and Tigon

• Imprinted genes are sensitive 
to environmental signals.



What we don’t know about imprinting

• What targets a gene for imprinting?
• Why are some genes expressed from both alleles 
and other expressed from only one allele?

• How are the imprints imposed?
• Do males and females have different mechanisms 
for imprinting genes?



Rett Syndrome

• X-linked trait
• Mainly girls affected
• Normal at birth
• At 6-18 months, begin 
losing purposeful 
movement
• Persistent wringing of 
hands
• Loss of speech, gait
• Mental retardation 
ensues

Nature Genetics (1999) 23:127-128



Rett’s is due to defect in MeCP2

• Methyl-cytosine binding protein 2 (MeCP2) binds 
methylated DNA and recruits binding of a histone
deacetylase

• Normal role is tightening chromatin packing, leading 
to gene silencing



Mouse model for Rett’s

• Mice have a gene that is 
homologous to MeCP2

• Knocking out the gene in 
mouse gives a phenotype 
similar to human Rett’s

• This model offers good 
experimental system for 
studying the human disease

Male mice with MeCP2 knockout 
develop normally for a while (middle), 
but at 6 weeks of age, they begin to 
develop neurological symptoms, such 
as hindlimb clasping (right).

Na
tu

re
 G

en
et

ic
s 

(2
00

1)
 2

7:
33

2-
33

6



Why is the phenotype neurological?

• The phenotype suggests that the targets are 
genes in the brain

• Normal neurological differentiation requires 
silencing of MeCP2 gene target(s)

• The target(s) of MeCP2 are not known

LETTER
doi:10.1038/nature09544

L1 retrotransposition in neurons is modulated by
MeCP2
Alysson R. Muotri1*, Maria C. N. Marchetto2*, Nicole G. Coufal2, Ruth Oefner2, Gene Yeo3, Kinichi Nakashima4 & Fred H. Gage2

Long interspersed nuclear elements-1 (LINE-1 or L1s) are abundant
retrotransposons that comprise approximately 20% of mammalian
genomes1–3. Active L1 retrotransposons can impact the genome in a
variety ofways, creating insertions, deletions, new splice sites or gene
expression fine-tuning4–6. We have shown previously that L1 retro-
transposons are capable ofmobilization in neuronal progenitor cells
from rodents and humans and evidence of massive L1 insertions
wasobserved inadult brain tissues butnot inother somatic tissues7,8.
In addition,L1mobility in the adult hippocampus canbe influenced
by the environment9. The neuronal specificity of somatic L1 retro-
transposition in neural progenitors is partially due to the transi-
tion of a Sox2/HDAC1 repressor complex to a Wnt-mediated
T-cell factor/lymphoid enhancer factor (TCF/LEF) transcriptional
activator7,10. The transcriptional switch accompanies chromatin
remodelling during neuronal differentiation, allowing a transient
stimulation of L1 transcription7. The activity of L1 retrotrans-
posons during brain development can have an impact on gene
expression and neuronal function, thereby increasing brain-specific
genetic mosaicism11,12. Further understanding of the molecular
mechanisms that regulate L1 expression shouldprovide new insights
into the role of L1 retrotransposition during brain development.
Herewe show that L1 neuronal transcription and retrotransposition
in rodents are increased in the absence of methyl-CpG-binding
protein 2 (MeCP2), a protein involved in global DNAmethylation
andhumanneurodevelopmentaldiseases.Usingneuronalprogenitor
cells derived fromhuman induced pluripotent stemcells and human
tissues, we revealed that patients with Rett syndrome (RTT),
carrying MeCP2 mutations, have increased susceptibility for L1
retrotransposition. Our data demonstrate that L1 retrotransposi-
tion can be controlled in a tissue-specific manner and that disease-
related geneticmutations can influence the frequency of neuronal L1
retrotransposition.Our findings add a new level of complexity to the
molecular events that can lead to neurological disorders.
In neural stem cells, the repressor complex on the L1 promoter

region (L1 59UTR) includes the transcriptional factor Sox2 and the
histone deacetylase 1 protein (HDAC1)7, aMeCP2partner13,14.MeCP2
has been shown to interfere with the L1 59UTR promoter activity in
transformed cell lines15. To investigate the role ofMeCP2 in the activity
of L1 promoter in neural stem cells, we cloned the L1 promoter region
upstream to the luciferase gene, generating the L1 59UTR–Luc
plasmid7. Methylation of the L1 59UTR–Luc reduced the promoter
activity in neural stem cells (Fig. 1a and Supplementary Fig. 1a).
Reduction ofMeCP2 levels using siRNAs led to an increase in luciferase
activity (Fig. 1b and Supplementary Fig. 1b). Transfection of the L1
59UTR–Lucmethylated plasmid inmouse neuroepithelial cells revealed
that the L1 promoter activity was approximately four timesmore active
in the MeCP2 knockout (KO) background than in wild-type (Fig. 1c
and Supplementary Fig. 1c). Ectopic MeCP2 expression reduced the
luciferase activity inMeCP2 KO cells close to wild-type levels (Fig. 1c).

We repeated the luciferase assay using neuroepithelial cells from a
siblingMBD1KO animal16. MBD1 (methyl-CpG binding domain pro-
tein 1) is part of the methyl-binding protein family and has differential

*These authors contributed equally to this work.

1University of CaliforniaSanDiego, School ofMedicine, Department of Pediatrics/RadyChildren’sHospital SanDiego, Department of Cellular&MolecularMedicine, StemCell Program, 9500GilmanDrive,
La Jolla, California 92093-0695, USA. 2Laboratory of Genetics, The Salk Institute for Biological Studies, 10010North Torrey Pines Road, La Jolla, California 92037, USA. 3University of California San Diego,
School of Medicine, Department of Cellular & Molecular Medicine, Stem Cell Program, 9500 Gilman Dr, La Jolla, California 92093-0695, USA. 4Laboratory of Molecular Neuroscience, Graduate School of
Biological Sciences, Nara Institute of Science and Technology, 8916-5 Takayama, Ikoma 630-0101, Japan.
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Figure 1 | MeCP2 silences L1 expression. a, Methylation of the L1 59UTR–
Luc reduced its transcriptional activity. b, Reduction of MeCP2 transcripts
correlates with increased L1 promoter activity. c, Increased L1 promoter
activity in the absence ofMeCP2but notMBD1.d, L1RNA levels correlatewith
MeCP2 expression. e, Expression of the MeCP2-VP16 increased the activity of
the L1 59UTR promoter. f, g, Recruitment of MeCP2 on L1 sequences by ChIP
in neural stem cells (NSC) or neurons, using 59UTR primers (f) and two ORF2
regions (g). h, Occupancy of MeCP2 on the L1 promoter requires DNA
methylation. Removal ofDNAmethylationwith 5-azacytidine (5-Aza) reduced
MeCP2 association to L1 promoter. ChIP-qPCR shows enrichment over IgG
control precipitation. All experiments show experimental triplicates. Error bars
in all panels show s.e.m.
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DNA Methylation with age, 
environment



Differences in DNA methylation patterns between 
identical twins increase with aging

Fraga et al
PNAS 102:10604, 2005



Maternal Bisphenol A (BPA) Exposure

• Monomer that makes up 
polycarbonate plastic 

• Endocrine active compound

• Found in commonly used 
products

• Present in 95% of humans 
tested

• Some animal studies reveal 
negative health outcomes
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Maternal Genistein Supplementation

• Plant phytoestrogen

• Found in soy and soy products

• Selective estrogen receptor 
modulator

• Worldwide exposure varies by 
diet

• Chemoprevention and decreased 
adipocyte deposition
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Oxidative derivatives of DNA 5-mC

5-hydroxymethylcytosine
(5-hmC)

5-formylcytosine
(5-fC)

5-carboxylcytosine
(5-fC)



Many unanswered questions remain

• Who are the 5-hmC readers?

• How is 5-hmC maintained during DNA replication?

• What are the physiological context and relative 
importance of the various pathways involving 5hmC?

• How does 5-hmC affect transcriptional regulation?

• What are the dynamics of 5-hmC during development?

• What role does 5-hmC play in cancer?



DNA methylation
+ 

Histone modification
à

Chromatin 



- 2 each of histones:

H2A,H2B, H3 and H4

Chromatin: DNA plus protein in cells with nuclei

146 bp of DNA

Nucleosome



The Nucleosome core particle

Nucleosome

H3 

H4 
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SnapShot: Histone Modifi cations
He Huang,1 Benjamin R. Sabari,2 Benjamin A. Garcia,3 C. David Allis,2 and Yingming Zhao1

1Ben May Department of Cancer Research, The University of Chicago, Chicago, IL 60637, USA
2Laboratory of Chromatin Biology and Epigenetics, The Rockefeller University, New York, NY 10021, USA
3Department of Biochemistry and Biophysics, University of Pennsylvania, Philadelphia, PA 19104, USA

Boxes indicate 
globular domain 
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Post-translational Histone Modifications

H3 tail Modifications:

Active

HDACsHATs

=Acetylation

=Methylation

KMTases
Repressive



Epigenome provides an annotation of the genome



Chromatin modifications demarcate 
functional elements in the genome 

Zhou, Goren and Bernstein, Nature Rev Genetics, 2011



Chromatin modification patterns reveal 
various genomic features

Rivera & Ren, Cell 2013



Histone Modifications in Relation to Gene Transcription

SRPK1 SLC26A8

MAPK14

Bisulfite-Seq

H3K27ac

H3K4me1

H3K4me3

H3K36me3

H3K27me3

H3K9me3

RefSeq genes



Predicting non-coding RNA?

• From sequence?
• Not clear which properties can be exploited
• Sequence features such as promoters are too 
weak

• Histone modifications + conservation worked





How to detect epigenetic marks?



Restriction Landmark Genome Scanning (RLGS)
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Scaling to high coverage, high resolution
• Enrichment based methods

• MeDIP-seq
• MBD-seq/MethylMiner

• Restriction enzyme based methods 
• MRE-seq
• HELP, Methyl-MAPS, Methyl-seq

• Bisulfite based methods
• MethylC-seq
• RRBS, bisulfite padlock

• Direct reading of modified nucleotides
• SMRT
• Nanopore sequencing



Enriching for methylated DNA targets
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MeDIP-seq and MBD-seq



5’ CpG islands
are unmethylated

3’ CpG island is 
partially methylated

Methylated

Unmethylated

Typical MeDIP data on a genome browser



Taking advantage of methylation
dependent restriction enzymes



MRE-seq
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5’ CpG islands
are unmethylated

3’ CpG island is 
partially methylated

Methylated

Unmethylated

Typical MeDIP/MRE data on a genome browser
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Allele-specific methylation at imprinted genes 
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Gold standard: bisulfite sequencing



Bisulfite sequencing

Grehl et al., Epigenomes, 2018



Wreczycka et al., Journal of Biotechnology, 2017



CpG islands

98% of the genome
1 CpG/100bp 

majority methylated

<2% of the genome
1 CpG/10bp short stretches (~1000bp)

majority unmethylated

RRBS: Reduced Representations
Allow Enrichment of CpG Dinucleotides



5-mC detection with the Infinium BeadChip

www.illumina.com

• Pros
• Relatively inexpensive
• Single-base resolution
• Internal quality controls
• Highly reproducible (r >0.98)
• PCR-free protocol
• Works with FFPE samples

• Cons
• Only covers a subset of the 

methylome
• Bisulfite treatment can damage 

DNA
• Dependent on bisulfite 

conversion



5-mC detection with the Infinium BeadChip

www.illumina.com | Moran et al., Epigenomics (2016)

Array Year 
released

# of Sites Targeted sites

HumanMethylation2
7k

2008 > 27k • >14K RefSeq genes

HumanMethylation4
50k

2011 > 450k • 99% of RefSeq genes

Infinium
MethylationEPIC

2015 > 850k • > 90% of sites in the 450k
• FANTOM5 and ENCODE enhancers 

(350k sites)
• CpG sites outside of CpG islands
• ENCODE open chromatin
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Direct detection of modified nucleotides



Single-molecule real-time (SMRT) sequencing

SMRT sequencing discriminates 
between different bases by 
analyzing variations in polymerase 
kinetics

Figure adapted from Clark et al., Nucleic Acids Research (2011) | Kinney et al., Epigenetic Alterations in Oncogenesis (2013)

• Pros
• Single-base resolution
• Measures absolute levels of 

many modified nucleotides
• “Raw” DNA is used
• Long reads

• Cons
• Suboptimal accuracy 
• Low throughput

Genome-wide detection of cytosine methylation by
single molecule real-time sequencing
O. Y. Olivia Tsea,b,1!, Peiyong Jianga,b,1!, Suk Hang Chenga,b,1, Wenlei Penga,b, Huimin Shanga,b, John Wongc!,
Stephen L. Chand,e!, Liona C. Y. Poonf, Tak Y. Leungf, K. C. Allen Chana,b,e, Rossa W. K. Chiua,b!,
and Y. M. Dennis Loa,b,e,2!

aLi Ka Shing Institute of Health Sciences, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong Special Administrative Region, China;
bDepartment of Chemical Pathology, Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong Special
Administrative Region, China; cDepartment of Surgery, Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong
Special Administrative Region, China; dDepartment of Clinical Oncology, Prince of Wales Hospital, The Chinese University of Hong Kong, Shatin, New
Territories, Hong Kong Special Administrative Region, China; eState Key Laboratory of Translational Oncology, Prince of Wales Hospital, The Chinese
University of Hong Kong, Shatin, New Territories, Hong Kong Special Administrative Region, China; and fDepartment of Obstetrics and Gynaecology, Prince
of Wales Hospital, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong Special Administrative Region, China

Contributed by Y. M. Dennis Lo, December 9, 2020 (sent for review September 25, 2020; reviewed by Shankar Balasubramanian and Andrew P. Feinberg)

5-Methylcytosine (5mC) is an important type of epigenetic modifi-
cation. Bisulfite sequencing (BS-seq) has limitations, such as severe
DNA degradation. Using single molecule real-time sequencing, we
developed a methodology to directly examine 5mC. This approach
holistically examined kinetic signals of a DNA polymerase (includ-
ing interpulse duration and pulse width) and sequence context for
every nucleotide within a measurement window, termed the ho-
listic kinetic (HK) model. The measurement window of each ana-
lyzed double-stranded DNA molecule comprised 21 nucleotides
with a cytosine in a CpG site in the center. We used amplified
DNA (unmethylated) and M.SssI-treated DNA (methylated) (M.SssI
being a CpG methyltransferase) to train a convolutional neural
network. The area under the curve for differentiating methylation
states using such samples was up to 0.97. The sensitivity and spec-
ificity for genome-wide 5mC detection at single-base resolution
reached 90% and 94%, respectively. The HK model was then
tested on human–mouse hybrid fragments in which each member
of the hybrid had a different methylation status. The model was
also tested on human genomic DNA molecules extracted from var-
ious biological samples, such as buffy coat, placental, and tumoral
tissues. The overall methylation levels deduced by the HK model
were well correlated with those by BS-seq (r = 0.99; P < 0.0001)
and allowed the measurement of allele-specific methylation pat-
terns in imprinted genes. Taken together, this methodology has
provided a system for simultaneous genome-wide genetic and
epigenetic analyses.

third-generation sequencing | epigenetics | epigenomics | base
modifications

DNA methylation is a biological process by which methyl
groups are covalently added to DNA molecules. The most

common form of this process occurs at the fifth position of the
pyrimidine ring of cytosine: i.e., 5-methylcytosine (5mC). DNA
methylation plays a number of essential roles in epigenetic reg-
ulation in cells, including genomic imprinting, X-chromosome
inactivation, and carcinogenesis (1, 2). The most widely used
method for detecting 5mC involves bisulfite treatment, followed
by methods such as the PCR, or massively parallel DNA sequencing
(i.e., bisulfite sequencing [BS-seq]) (3, 4). However, there are sig-
nificant drawbacks to such bisulfite-based technologies. For instance,
the harsh reaction conditions of bisulfite treatment could de-
grade the majority of the input DNA (5). Such DNA degradation
renders long DNA molecule sequencing challenging. Another
disadvantage is that bisulfite-induced DNA degradation prefer-
entially acts on genomic regions enriched for unmethylated cy-
tosines, resulting in an overestimation of global methylation and
substantial variations at specific genomic regions among different
bisulfite treatment protocols (4). Recently, a bisulfite-free method
(called ten-eleven translocation (TET)-assisted pyridine borane

sequencing, TAPS) for detecting 5mC has been published (6).
This approach used milder conditions for converting 5mC to
thymine, attempting to overcome the limitations present in BS-
seq. However, TAPS involves multiple steps of enzymatic and
chemical reactions, including TET oxidation, pyridine borane
reduction, and PCR amplification. An undesired conversion ef-
ficacy occurring in any DNA conversion step would adversely
affect the accuracy in 5mC analysis.
We envisioned that an ideal approach for measuring base

modifications would be a method that could be directly applied
to native DNA, without any chemical/enzymatic conversions of
DNA and PCR amplification prior to sequencing. Third-generation
sequencing technologies, such as nanopore sequencing (e.g., by
Oxford Nanopore Technologies) and single molecule real-time
(SMRT) sequencing (e.g., by Pacific BioSciences, PacBio), en-
able single molecule sequencing in real time, offering opportu-
nities to explore such approaches for detecting base modifications.

Significance

Single molecule real-time (SMRT) sequencing theoretically of-
fers the opportunity to directly assess certain base modifica-
tions of native DNA molecules without any prior chemical/
enzymatic conversions and PCR amplification, using kinetic
signals of a DNA polymerase. However, the kinetic signal
changes caused by 5mC modification are extremely subtle.
Hence, the robust genome-wide measurement of 5mC modifi-
cation has not been achieved. We enhanced 5mC detection
using SMRT sequencing by holistically analyzing kinetic signals
of a DNA polymerase and sequence context for every base
within a measurement window. We employed a convolutional
neural network to train a methylation classification model,
leading to genome-wide 5mC detection. The sensitivity and
specificity reached 90% and 94%, with a 99% correlation of
overall methylation level with bisulfite sequencing.
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Nanopore sequencing
Nanopore amperometry methods 
can discriminate between C, 5-mC, 
and 5-hmC due to differences in 
current profiles.

• Pros
• Single-base resolution
• Measures absolute levels of 

many modified nucleotides
• “Raw” DNA is used
• Long reads

• Cons
• Suboptimal accuracy
• Low throughput 

Figures adapted from Korlach & Tuner Current Opinion in Structural Biology (2012) | Kinney et al., Epigenetic Alterations in Oncogenesis (2013)

Nature | Vol !"! | # September $%$% | 79
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Telomere-to-telomere assembly of a 
complete human X chromosome

Karen H. Miga1,24ಞᅒ, Sergey Koren2,24, Arang Rhie2, Mitchell R. Vollger3, Ariel Gershman4,  
Andrey Bzikadze5, Shelise Brooks6, Edmund Howe7, David Porubsky3, Glennis A. Logsdon3, 
Valerie A. Schneider8, Tamara Potapova7, Jonathan Wood9, William Chow9, Joel Armstrong1,  
Jeanne Fredrickson10, Evgenia Pak11, Kristof Tigyi1, Milinn Kremitzki12, Christopher Markovic12, 
Valerie Maduro13, Amalia Dutra11, Gerard G. Bouffard6, Alexander M. Chang2,  
Nancy F. Hansen14, Amy B. Wilfert3, Françoise Thibaud-Nissen8, Anthony D. Schmitt15, 
Jon-Matthew Belton15, Siddarth Selvaraj15, Megan Y. Dennis16, Daniela C. Soto16,  
Ruta Sahasrabudhe17, Gulhan Kaya16, Josh Quick18, Nicholas J. Loman18, Nadine Holmes19, 
Matthew Loose19, Urvashi Surti20, Rosa ana Risques10, Tina A. Graves Lindsay12,  
Robert Fulton12, Ira Hall12, Benedict Paten1, Kerstin Howe9, Winston Timp4, Alice Young6, 
James C. Mullikin6, Pavel A. Pevzner21, Jennifer L. Gerton7, Beth A. Sullivan22,  
Evan E. Eichler3,23 & Adam M. Phillippy2ಞᅒ

After two decades of improvements, the current human reference genome (GRCh38) is 
the most accurate and complete vertebrate genome ever produced. However, no single 
chromosome has been !nished end to end, and hundreds of unresolved gaps persist1,2. 
Here we present a human genome assembly that surpasses the continuity of GRCh382, 
along with a gapless, telomere-to-telomere assembly of a human chromosome. This 
was enabled by high-coverage, ultra-long-read nanopore sequencing of the complete 
hydatidiform mole CHM13 genome, combined with complementary technologies  
for quality improvement and validation. Focusing our e"orts on the human 
X#chromosome3, we reconstructed the centromeric satellite DNA array (approximately 
3.1#Mb) and closed the 29 remaining gaps in the current reference, including new 
sequences from the human pseudoautosomal regions and from cancer-testis 
ampliconic gene families (CT-X and GAGE). These sequences will be integrated into 
future human reference genome releases. In addition, the complete chromosome X, 
combined with the ultra-long nanopore data, allowed us to map methylation patterns 
across complex tandem repeats and satellite arrays. Our results demonstrate that 
!nishing the entire human genome is now within reach, and the data presented here 
will facilitate ongoing e"orts to complete the other human chromosomes.

Complete, telomere-to-telomere reference genome assemblies are 
necessary to ensure that all genomic variants are discovered and stud-
ied. At present, unresolved areas of the human genome are defined by 
multi-megabase satellite arrays in the pericentromeric regions and the 
ribosomal DNA arrays on acrocentric short arms, as well as regions 
enriched in segmental duplications that are greater than hundreds of 
kilobases in length and that exhibit sequence identity of more than 98% 
between paralogues. Owing to their absence from the reference, these 
repeat-rich sequences are often excluded from genetics and genomics 
studies, which limits the scope of association and functional analyses4,5. 
Unresolved repeat sequences also result in unintended consequences; 
for example, paralogous sequence variants incorrectly being called as 
allelic variants6, and the contamination of bacterial gene databases7. 
Completion of the entire human genome is expected to contribute 
to our understanding of chromosome function8, human disease9 and 
genomic variation, which will improve technologies in biomedicine 
that use short-read mapping to a reference genome (for example, RNA 

sequencing (RNA-seq)10, chromatin immunoprecipitation followed by 
sequencing (ChIP–seq)11 and assay for transposase-accessible chroma-
tin using sequencing (ATAC–seq)12).

The fundamental challenge of reconstructing a genome from many 
comparatively short sequencing reads—a process known as genome 
assembly—is distinguishing the repeated sequences from one another13. 
Resolving such repeats relies on sequencing reads that are long enough 
to span the entire repeat or accurate enough to distinguish each repeat 
copy on the basis of unique variants14. The difficulty of the assembly 
problem and limits of past technologies are highlighted by the fact 
that the human genome remains unfinished 20 years after its initial 
release in 200115. The first human reference genome released by the 
US National Center for Biotechnology Information (NCBI Build 28) was 
highly fragmented, with half of the genome contained in continuous 
sequences (contigs) of 500#kb or more (NG50). Efforts to finish the 
genome16, together with the stewardship of the Genome Reference 
Consortium (GRC)2, greatly increased the continuity of the reference 
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Modern DNA Methylomics

Detection Reagent
Sequencing Platform
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Zhang et al. Genome Biol 2008  ChIP-seq

Chromatin IP input 

crosslink 
sonicate 

Technologies for Interrogating Chromatin States



Chromatin-IP Sequencing
K4me1
K4me2
K4me3
K27me3 “repressive”

“active”

A. Align reads

B. Infer positions of ChIP fragments

C. Count fragments at each genomic position



K4me3

K27me3

Silent developmental geneTranscribed gene

K9me3

K20me3

Constitutive heterochromatin

FoxP1 Olig1

Olig1

K4me3

K27me3

‘Poised’ developmental gene

Histone methylation and transcriptional state



Gaffney DJ, McVicker G, Pai AA, Fondufe-Mittendorf YN, et al. (2012) Controls of Nucleosome Positioning in the Human Genome. 
PLoS Genet 8(11): e1003036. doi:10.1371/journal.pgen.1003036
http://www.plosgenetics.org/article/info:doi/10.1371/journal.pgen.1003036

Mapping nucleosome positions

http://www.plosgenetics.org/article/info:doi/10.1371/journal.pgen.1003036


• The presence of NFRs demonstrated that open promoter states are stable 
and common, even at genes that are transcribed so infrequently

Genomic distribution of nucleosomes

Cizhong Jiang, B Franklin Pugh, Nature Review Genetics, 2009 vol. 10 (3) pp. 161-72



Genes, regulatory DNA, and epigenetic features 

- promoters 
- enhancers 
- silencers 
- insulators 
- etc. 

DNaseI 

DNase I hypersensitivity ~ Regulatory DNA



Inaccessible Inaccessible

Accessible

Precise delineation of the accessible regulatory DNA compartment

Digital DNaseI profiling



Digital DNaseI profiling: direct access to 
regulatory sequences



ATAC-seq
(assay for transposase-accessible chromatin)



Other interesting topics

• RNA component
• RNAi, miRNA, X inactivation, HOTAIR, PiwiRNA
• RNA methylation

• Reprogramming
• Cloning
• Population epigenetics
• Evolution of DNA methylation
• Evolution of epigenome



Engaging today’s epigenomic
technologies and resources



WUSTL
http://epigenomegateway.wustl.edu

Accessing the community resource



The Reference Human Epigenome


