
Dynamics and Memory of 
Heterochromatin in Living Cells

  N.A. Hathaway, O. Bell, C. Hodges, E.L. 
Miller, D.S. Neel, G.R. Crabtree

Stanford University School of Medicine

Cell 149, 1447–1460, 2012

Erzsébet Ravasz ReganJournal Club, 2014



Original definition:
* mechanisms by which different cellular phenotypes 
are clonally heritable, without altering the genetic code

* self-sustaining in the absence of original stimulus

What is epigenetics?

mammalian cell types

What types of mechanism?
* DNA methylation
* nucleosomal histones ???
(* noncoding RNAs)

Field 
studying these + 
noncoding RNAs = 

epigenetics



Heterochromatin formation - 
H3K9m3 and binding of HP1
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.

Heterochromatin
Highly compacted regions of 
chromatin, in which 
transcription is repressed. 
Constitutive heterochromatin is 
a common feature of highly 
repetitive DNA sequences.

Satellite repeat
DNA that contains many 
tandem repeats of a short basic 
repeating unit. Both the major 
and minor satellite repeats are 
located at pericentromeric 
heterochromatin.

SET domain
An evolutionarily conserved 
sequence motif that was 
initially identified in the 
Drosophila melanogaster 
position effect variegation 
suppressor Su(var)3–9, the 
Polycomb-group protein 
Enhancer of zeste, and 
Trithorax (a Trithorax group 
protein). It is present in many 
histone methyltransferases and 
is required for enzyme activity.

Dicer
An RNA endonuclease that 
cleaves double-stranded RNA 
into small interfering RNAs of 
approximately 21 bp.

RNA-induced silencing 
complex
(RISC). A complex made up of 
an Argonaute protein and 
small RNA, which inhibits 
translation of target RNAs 
through degradative or 
non-degradative mechanisms.

Imprinted locus
A locus at which the expression 
of an allele is different 
depending on whether it is 
inherited from the mother or 
the father.

which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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H3K9m3-bound HP1 
condenses chromatin

Suv39h1/2 SETDB1
HP1 recruits histone 
methyltransferases  
(HMTs) => H3K9m3 on 
neighboring nucleosomes

“Copy enzymes”Spreading of 
H3K9m3



clonally 
inherited

Is the histone code a heritable 
epigenetic mark?

Proof of principle: position effect variegation

stochastic 
spreading of 

heterochromatin 
over W+



Definite proof of histone code 
heritability on a promoter is lacking

Questions: 
- are histone modifications heritable?
- how do they interface with transcription?
- how do they propagate?
- how do they interface with DNA 
methylation?



The story of Oct4 and reprogramming
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.
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a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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* Silencing pluripotency genes (e.g., Oct4) 
<- loss of active histone marks (H3K27AC, H3K9AC)

* Reprogramming somatic cells to iPS state
<- loss of repressive histone marks (H3K27ME)
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be involved in pluripotency, these exogenous compo-
nents are only required transiently to trigger an intrin-
sic programme for resetting the key genes75–78. It has 
been shown that inhibition of G9a80,81, or the inclusion 
of DNA or histone demethylating agents79,82, stimulates 
reprogramming and can even reduce the need for some 
of the initial factors. This presumably works because 
G9a plays a part in maintaining both histone and DNA 
methylation. Knockdown of G9a has also been shown 
to stimulate the reprogramming that can be induced by 
the fusion of somatic cells into an embryonic stem cell 
environment82. It should be noted that normal repro-
gramming that takes place in vivo during the formation 
of primordial germ cells or in the early post-fertilization 
embryo also involves a combination of heterochromatin 
removal and demethylation1,61.

DNA methylation in cancer
Understanding the relationship between DNA meth-
ylation and certain histone modifications is also provid-
ing insights into the aberrant gene expression patterns 
observed in cancer. Many studies have shown that cancer 
cells are subject to abnormal de novo methylation com-
pared with their normal counterparts, and new evidence 
suggests that this process may be linked to histone modi-
fication. Early experiments that concentrated on indi-
vidual gene promoters indicated that cancer-associated 
DNA methylation is restricted to tumour suppressor 
genes, and these findings gave rise to the theory that these 
methylation patterns must be generated through a process 
of ‘selection’83. Preliminary evidence suggested that some 
cancer cells express an abnormally high concentration of 
methyltransferases84,85, and this could cause a low level of 
stochastic de novo methylation over all CpG islands in 
the genome. One model based on this evidence argues 
that de novo methylation of tumour suppressor genes 
would inhibit their function and thus promote increased 
cell proliferation, thereby providing a strong selective 
advantage for cells with methylated tumour suppressor 
promoters. This model thus predicts that growth selection  
would result in a specific pattern of de novo methylation.

With the advent of microarray methodologies for 
assessing DNA methylation on a genome-wide scale, 
it has become possible to examine global patterns of 
de novo methylation in cancer without sampling biases. 
These studies indicate that a large number of CpG 
islands can become de novo methylated at an early stage 
of tumorigenesis16,86. Many of these methylation events 
occur at the promoters of genes that are not tumour sup-
pressors, and the large majority of these genes (>90%) 
are actually already repressed in the normal tissue, 
before transformation86. This clearly indicates that the 
de novo methylation profile in tumours is not formed 
as a result of selection. Rather, it seems that the precise 
locations of de novo methylation may be determined 
by a pre-programmed targeting mechanism. Indeed, 
several studies now show that a significant proportion 
of de novo methylated CpG islands are target sites for 
Polycomb protein binding87–89. Thus, in normal cells 
these loci are probably bound by PRC2 through the SET 
domain protein EZH2.

Although these CpG islands remain largely unmeth-
ylated during normal development13,14, there seems to 
be some trigger that causes them to undergo de novo 
methylation in cancer. This might be mediated by the 
interaction of EZH2 with DNA methyltransferases51 
(FIG. 5). This model suggests that, in a manner similar 
to that occurring during normal development, histone 
methyltransferases are involved in enabling de novo 
methylation in cancer. One possibility is that changes 
in the overall levels of EZH2 (REF. 90), DNMT3A or 
DNMT3B lead to an altered equilibrium at the sites 
of Polycomb target genes, and this might be mediated 
through microRNAs91–93.

Interestingly, it has recently been shown that many 
of the genes that become methylated de novo in cancer 
actually undergo a decrease in Polycomb marking in the 
same tumour cells94; it seems that the DNA methylation  
partially replaces the previous heterochromatiniza-
tion that was mediated by histone methylation (FIG. 5).  
The DNA methylation might then be maintained by 
DNMT1, even though the original factors that triggered 

Figure 4 | A model of somatic cell reprogramming. Pluripotency genes in somatic cells have methylated CpG islands 
(dark purple circles) and are packaged with nucleosomes containing non-acetylated histones and methylated (Me) lysines 
(histone H3 trimethylated at lysine 27, for example), which bind chromodomain proteins such as Polycomb proteins (PC). 
These marks seem to be maintained by the presence of both SET domain-containing proteins (SET) and DNA 
methyltransferases, such as DNMT3A and DNMT3B. Reprogramming through the generation of induced pluripotent stem 
cells takes place in two steps. In the first step, the repressive histone methylation marks are removed, and this is then 
followed at a much later stage by removal of DNA methylation (light purple circles) and activation of the gene and its 
overlying chromatin structure79. Ac, acetylation.
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Approach: CIP (chemically induced 
proximity)

to either full-length murine HP1a or a truncated form of HP1a
containing only the CSD (csHP1a). Although infection with
GAL4 alone did not alter GFP, both full-length HP1a and csHP1a
fusion proteins induced complete silencing of gene expression
asmeasured by flow cytometry (Figure S1E). To minimize poten-
tial nonspecific effects of ectopic HP1a expression, we used
csHP1a in subsequent studies.
To gain better temporal resolution of the dynamic processes

involved in HP1a-mediated repression, we used the CIP system
to recruit csHP1a. We infected CiA ES cells with two lentiviral
constructs, one containing GAL4 fused to the CIP anchor,
FKBP12, and the other encoding the csHP1a fragment fused
to two repeats of the 98 aa FKBP12-rapamycin binding (FRB)
domain of mTor with a V5 epitope tag for detection (Figure 2A).
After addition of rapamycin, we monitored changes in GFP
expression and chromatin structure by flow cytometry and
ChIP, respectively. ChIP against the V5 tag revealed significant
recruitment of csHP1a within 6 hr and nearly saturated binding
within 24 hr after rapamycin addition (Figure 2C). csHP1a target-
ing led to complete repression of the CiA:Oct4 reporter within
5 days (Figure 2D). Interestingly, CiA ES cells did not display
a gradual decrease in GFP expression but instead segregated
into a bimodal population of GFP-positive and GFP-negative
cells (Figure 2D, right panel). The distribution and enrichment
of histone modifications was determined by ChIP and real-time

PCR by using sets of common and reporter allele-specific
primers, which cover the distal and proximal regulatory regions
upstream and the gene body downstream of the CiA:Oct4
promoter (Figure 2B). Prior to csHP1a targeting (day 0),
H3K27ac was broadly enriched at promoter-distal and -proximal
sites, whereas H3K4me3 was only enriched downstream of the
active transcription start site (TSS). At this time, H3K9me3 was
absent and only basal levels of endogenous HP1g were detect-
able (Figure 2D). After 18 hr of csHP1a tethering, we started to
observe H3K9me3, which coincided with recruitment of endog-
enous HP1g at the CiA:Oct4 promoter. For the next 4 days,
H3K9me3 and HP1g increased and spread upstream and
downstream of the GAL4 binding site. After 5 days of csHP1a
recruitment, H3K9me3 had formed a large domain of approxi-
mately 10 kbp, which peaked adjacent to the DNA binding site
and gradually decreased for 5 kbp to either side (Figure 2D).
Interestingly, consistent with the bimodal expression pattern,
GFP-negative sorted cells displayed a fully established hetero-
chromatic domain after only 3 days of rapamycin, whereas
GFP-positive cells lacked H3K9me3 (Figure S2). This suggests
that csHP1a-dependent repression initiates stochastically in
an all-or-nothing fashion in individual cells of the population.
Gain of H3K9me3 appeared to involve recruitment of SETDB1
(Figure S3A). Loss of active marks and establishment of the
H3K9me3 domain did not significantly affect nucleosome
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Figure 1. Design of Chromatin In Vivo Assay at Oct4 (CiA:Oct4) ES Cell Line and Mouse
(A) CIP allows direct recruitment, washout, co-occupancy, and order-of-addition experiments.

(B) TheCIA:Oct4mouse contains one modifiedOct4 allele harboring two arrays of DNA binding sites (12XZFHD1 and 5XGal4) in the promoter region upstream of

an in-frame EGFP reporter. Distribution of histone modifications at the Oct4 locus in murine ES cells and brain tissue (Mikkelsen et al., 2007) reveals the distinct

chromatin substrates for CiA modulation.
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Figure S1. Expression and regulation of the Oct4 reporter in CiA ES cells, Related to Figure 2
(A) Phase contrast and fluourescent image of CiA ES cells demonstrate uniform nuclear GFP expression of the CiA:Oct4 reporter.

(B) Southern blot analysis confirms single targeting to generate CiA ES cells with one wild-type and one knock-in allele of Oct4.

(C) Western blot analysis of Oct4 and GFP protein expression in CiA ES cells before and after 8 days of RA differentiation.

(D) ChIP analysis of histone modifications in CiA ES cells before and after 8 days of RA differentiation. Shown is an average of at least two experiments.

(E) Flow cytometry compares GFP expression upon recruitment of GAL4 fusions with full-length HP1a and csHP1a.

(F) Western blot analysis compares endogenous levels of Oct4 protein expression before and after 7 days and 4.5 weeks of rapamycin treatment in CiA ES cells.
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
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relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Figure S1. Expression and regulation of the Oct4 reporter in CiA ES cells, Related to Figure 2
(A) Phase contrast and fluourescent image of CiA ES cells demonstrate uniform nuclear GFP expression of the CiA:Oct4 reporter.

(B) Southern blot analysis confirms single targeting to generate CiA ES cells with one wild-type and one knock-in allele of Oct4.

(C) Western blot analysis of Oct4 and GFP protein expression in CiA ES cells before and after 8 days of RA differentiation.

(D) ChIP analysis of histone modifications in CiA ES cells before and after 8 days of RA differentiation. Shown is an average of at least two experiments.

(E) Flow cytometry compares GFP expression upon recruitment of GAL4 fusions with full-length HP1a and csHP1a.

(F) Western blot analysis compares endogenous levels of Oct4 protein expression before and after 7 days and 4.5 weeks of rapamycin treatment in CiA ES cells.
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Figure S1. Expression and regulation of the Oct4 reporter in CiA ES cells, Related to Figure 2
(A) Phase contrast and fluourescent image of CiA ES cells demonstrate uniform nuclear GFP expression of the CiA:Oct4 reporter.

(B) Southern blot analysis confirms single targeting to generate CiA ES cells with one wild-type and one knock-in allele of Oct4.

(C) Western blot analysis of Oct4 and GFP protein expression in CiA ES cells before and after 8 days of RA differentiation.

(D) ChIP analysis of histone modifications in CiA ES cells before and after 8 days of RA differentiation. Shown is an average of at least two experiments.

(E) Flow cytometry compares GFP expression upon recruitment of GAL4 fusions with full-length HP1a and csHP1a.

(F) Western blot analysis compares endogenous levels of Oct4 protein expression before and after 7 days and 4.5 weeks of rapamycin treatment in CiA ES cells.
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to either full-length murine HP1a or a truncated form of HP1a
containing only the CSD (csHP1a). Although infection with
GAL4 alone did not alter GFP, both full-length HP1a and csHP1a
fusion proteins induced complete silencing of gene expression
asmeasured by flow cytometry (Figure S1E). To minimize poten-
tial nonspecific effects of ectopic HP1a expression, we used
csHP1a in subsequent studies.
To gain better temporal resolution of the dynamic processes

involved in HP1a-mediated repression, we used the CIP system
to recruit csHP1a. We infected CiA ES cells with two lentiviral
constructs, one containing GAL4 fused to the CIP anchor,
FKBP12, and the other encoding the csHP1a fragment fused
to two repeats of the 98 aa FKBP12-rapamycin binding (FRB)
domain of mTor with a V5 epitope tag for detection (Figure 2A).
After addition of rapamycin, we monitored changes in GFP
expression and chromatin structure by flow cytometry and
ChIP, respectively. ChIP against the V5 tag revealed significant
recruitment of csHP1a within 6 hr and nearly saturated binding
within 24 hr after rapamycin addition (Figure 2C). csHP1a target-
ing led to complete repression of the CiA:Oct4 reporter within
5 days (Figure 2D). Interestingly, CiA ES cells did not display
a gradual decrease in GFP expression but instead segregated
into a bimodal population of GFP-positive and GFP-negative
cells (Figure 2D, right panel). The distribution and enrichment
of histone modifications was determined by ChIP and real-time

PCR by using sets of common and reporter allele-specific
primers, which cover the distal and proximal regulatory regions
upstream and the gene body downstream of the CiA:Oct4
promoter (Figure 2B). Prior to csHP1a targeting (day 0),
H3K27ac was broadly enriched at promoter-distal and -proximal
sites, whereas H3K4me3 was only enriched downstream of the
active transcription start site (TSS). At this time, H3K9me3 was
absent and only basal levels of endogenous HP1g were detect-
able (Figure 2D). After 18 hr of csHP1a tethering, we started to
observe H3K9me3, which coincided with recruitment of endog-
enous HP1g at the CiA:Oct4 promoter. For the next 4 days,
H3K9me3 and HP1g increased and spread upstream and
downstream of the GAL4 binding site. After 5 days of csHP1a
recruitment, H3K9me3 had formed a large domain of approxi-
mately 10 kbp, which peaked adjacent to the DNA binding site
and gradually decreased for 5 kbp to either side (Figure 2D).
Interestingly, consistent with the bimodal expression pattern,
GFP-negative sorted cells displayed a fully established hetero-
chromatic domain after only 3 days of rapamycin, whereas
GFP-positive cells lacked H3K9me3 (Figure S2). This suggests
that csHP1a-dependent repression initiates stochastically in
an all-or-nothing fashion in individual cells of the population.
Gain of H3K9me3 appeared to involve recruitment of SETDB1
(Figure S3A). Loss of active marks and establishment of the
H3K9me3 domain did not significantly affect nucleosome
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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(RISC). A complex made up of 
an Argonaute protein and 
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through degradative or 
non-degradative mechanisms.
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A locus at which the expression 
of an allele is different 
depending on whether it is 
inherited from the mother or 
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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DNA that contains many 
tandem repeats of a short basic 
repeating unit. Both the major 
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Trithorax (a Trithorax group 
protein). It is present in many 
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is required for enzyme activity.
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An RNA endonuclease that 
cleaves double-stranded RNA 
into small interfering RNAs of 
approximately 21 bp.
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(RISC). A complex made up of 
an Argonaute protein and 
small RNA, which inhibits 
translation of target RNAs 
through degradative or 
non-degradative mechanisms.
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A locus at which the expression 
of an allele is different 
depending on whether it is 
inherited from the mother or 
the father.

which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.

1450 Cell 149, 1447–1460, June 22, 2012 ª2012 Elsevier Inc.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.

Heterochromatin
Highly compacted regions of 
chromatin, in which 
transcription is repressed. 
Constitutive heterochromatin is 
a common feature of highly 
repetitive DNA sequences.

Satellite repeat
DNA that contains many 
tandem repeats of a short basic 
repeating unit. Both the major 
and minor satellite repeats are 
located at pericentromeric 
heterochromatin.

SET domain
An evolutionarily conserved 
sequence motif that was 
initially identified in the 
Drosophila melanogaster 
position effect variegation 
suppressor Su(var)3–9, the 
Polycomb-group protein 
Enhancer of zeste, and 
Trithorax (a Trithorax group 
protein). It is present in many 
histone methyltransferases and 
is required for enzyme activity.

Dicer
An RNA endonuclease that 
cleaves double-stranded RNA 
into small interfering RNAs of 
approximately 21 bp.

RNA-induced silencing 
complex
(RISC). A complex made up of 
an Argonaute protein and 
small RNA, which inhibits 
translation of target RNAs 
through degradative or 
non-degradative mechanisms.

Imprinted locus
A locus at which the expression 
of an allele is different 
depending on whether it is 
inherited from the mother or 
the father.

which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.
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which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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DNA methylation of the Oct4 locus follows 
histone-mediated silencing (slowly...)
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Figure 2. Kinetics of Heterochromatin Formation after HP1a Recruitment in ES Cells
(A) Experimental design: rapamycin addition recruits HP1a chromoshadow fragment (csHP1a) to the CiA:Oct4 promoter.

(B) Schematic representation of wild-type and CiA alleles depicts location of allele-specific and common real-time PCR primers.

(C) ChIP analysis shows rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3, HP1 gamma) chromatin modifications at the CiA:Oct4

locus. Upper panel summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display

loss of active marks. Lower panels display ChIP analysis of histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry at each time point. Schematic of the reporter allele indicates CiA:Oct4-specific primer pairs in black.

(E) DNase I sensitivity across the CiA:Oct4 locus before and after csHP1a recruitment.

(F) ChIP analysis of Oct4 transcription factor binding at Oct4 enhancer before and after csHP1a recruitment.

(G) Bisulfite sequencing analysis of DNA methylation changes at the CiA:Oct4 promoter following csHP1a targeting, with percentage methylated CpGs. White

lines in schematic below mark relative positions of CpG dinucleotides.

ChIP and DNase I sensitivity results represent average and SEM of at least two independent experiments. See also Figures S1, S2, and S3.
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Figure 2 | Turning off pluripotency genes. In embryonic stem cells, pluripotency genes such as Oct3/4 and Nanog have 
unmethylated CpG islands (light purple circles) and are packaged with acetylated (Ac) histone H3 and H4 and methylated 
(Me) lysine 4 of histone H3 (H3K4). With the onset of differentiation the SET domain-containing histone methyltransferase 
G9a is recruited, together with a histone deacetylase (HDAC), and this causes deacetylation of local histones. In 
addition, H3K4 is demethylated, but the enzymatic machinery responsible for this has not yet been identified. In the 
next step, G9a catalyses the methylation of H3K9, and this modification serves as a binding site for the chromodomain 
protein heterochromatin protein 1 (HP1), thus generating a form of local heterochromatin. Finally, G9a recruits the 
methylases DNMT3A and DNMT3B, which mediate de novo methylation (dark purple circles) of the underlying DNA21,22.

Heterochromatin
Highly compacted regions of 
chromatin, in which 
transcription is repressed. 
Constitutive heterochromatin is 
a common feature of highly 
repetitive DNA sequences.

Satellite repeat
DNA that contains many 
tandem repeats of a short basic 
repeating unit. Both the major 
and minor satellite repeats are 
located at pericentromeric 
heterochromatin.

SET domain
An evolutionarily conserved 
sequence motif that was 
initially identified in the 
Drosophila melanogaster 
position effect variegation 
suppressor Su(var)3–9, the 
Polycomb-group protein 
Enhancer of zeste, and 
Trithorax (a Trithorax group 
protein). It is present in many 
histone methyltransferases and 
is required for enzyme activity.

Dicer
An RNA endonuclease that 
cleaves double-stranded RNA 
into small interfering RNAs of 
approximately 21 bp.

RNA-induced silencing 
complex
(RISC). A complex made up of 
an Argonaute protein and 
small RNA, which inhibits 
translation of target RNAs 
through degradative or 
non-degradative mechanisms.

Imprinted locus
A locus at which the expression 
of an allele is different 
depending on whether it is 
inherited from the mother or 
the father.

which are the most important components in this het-
erochromatin pathway25–28. Indeed, non-coding RNA 
may also play a part in recruiting histone methylases in 
other cases of gene inactivation, such as at imprinted loci 
and during X chromosome inactivation29–31.

These two examples of pluripotency-associated gene 
silencing and satellite sequence repression illustrate how 
histone modification and DNA methylation can have 
a cooperative relationship in the early embryo. These 
studies, in animal cells, indicate that there is an intimate 
relationship between DNA and histone methylation, 
and this is strongly supported by genetic manipulation 
experiments. Indeed, studies in Neurospora crassa32, 
Arabidopsis thaliana33 and animal cells21–23 show that 
knockdown of certain SET domain histone methyltrans-
ferases causes a decrease in DNA methylation in specific 
genomic regions. Conversely, the tethering of the his-
tone methyltransferase G9a to a random region of the 
DNA in animal cells seems to cause histone methylation  
and DNA methylation at nearby sequences34.

Effect of DNA methylation on histone modification. The 
examples discussed above illustrate how histone modi-
fications might play a role in establishing the patterns of 
DNA methylation, but there is also evidence that DNA 
methylation is important for maintaining patterns of his-
tone modification through cell division. After the bimo-
dal methylation profile is established in the pluripotent 
embryo, the enzymatic machinery needed for this proc-
ess is then downregulated35 and, following differentia-
tion, cells generally lose both their de novo methylation 
activity and their ability to recognize and protect CpG 
islands. Nonetheless, the basic DNA methylation pattern 
that is generated at the time of implantation is main-
tained throughout development through the action of 
DNMT1, which is associated with the replication com-
plex36. Recent studies indicate that DNMT1, together 
with the E3 ubiquitin-protein ligase UHRF1 (also 
known as Np95 or ICBP90), specifically recognizes the 
methylated CpG residues of the hemimethylated DNA 

that is generated during DNA replication and methyl-
ates the opposite strand37–39, thus reproducing a faith-
ful copy of the methylation profile that is present in the 
parent cell.

Despite the importance of chromatin conformation 
in moulding transcription patterns, it is likely that chro-
matin structures are disrupted as the replication fork 
progresses along the DNA, so mechanisms are needed 
to reproduce chromatin conformation after replication 
has occurred. The DNA methylation pattern might be 
one of the main markers that are used for reconstructing 
the epigenetic state of the genome following cell division. 
Regions that have a methylated profile are reassembled 
in a closed conformation, whereas unmethylated DNA 
tends to get repackaged in a more open configuration40,41. 
Using chromatin immunoprecipitation (ChIP), it has been 
shown that unmethylated DNA is largely assembled in 
nucleosomes that contain acetylated histones, which 
are associated with open chromatin, whereas the pres-
ence of methyl groups on identical DNA sequences 
correlates with assembly of nucleosomes containing 
non-acetylated histone H3 and H4, leading to more 
compact chromatin42,43.

This relationship between DNA methylation and his-
tone modification might be partially mediated through 
methylcytosine-binding proteins, such as MECP2 or 
MBD2, that are capable of recruiting histone deacety-
lases to the methylated region44,45. It is probable that the 
presence of DNA methylation also directs H3K9 dimeth-
ylation, which is a mark of repressive chromatin43, per-
haps through the interaction of G9a and DNMT1 with 
the replication complex46. There is also evidence that 
DNA methylation inhibits H3K4 methylation43,47 and, 
in plants, excludes the histone variant H2AZ from 
nucleosomes48 — both of these marks are associated with 
active transcription. However, the mechanisms underly-
ing these processes are not known. Thus, it seems that 
the DNA methylation profile that is established dur-
ing development might act as a template to maintain 
transcriptional repression patterns at many genomic 
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Switch flipped. Can we let go and expect it 
to stay flipped?
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Figure 3. Maintenance of Heterochromatin and Heritable Oct4 Repression in ES Cells
(A) Experimental design: rapamycin was added for either 7 days or 4.5 weeks and then washed-out with or without Dnmt-inhibitor 5azaC.

(B) Flow cytometry analysis after release from csHP1a after 7 days (low-promoter DNAme) or after 4.5 weeks (high-promoter DNAme).
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Figure S3. Chromatin structure and DNA Methylation at the CiA:Oct4 and Endogenous Alleles, Related to Figure 2
(A–C) ChIP analysis of SETDB1 binding (A), histone H3 (B) and tethered csHP1a at theCiA:Oct4 promoter (C) before and after 8 days of csHP1a targeting in CiA ES

cells. Shown are average and SEM of at least two experiments.

(D) ChIP analysis of posttranslational histone modifications and HP1g at the endogenous Oct4 promoter in CiA ES cells. Shown are average and SEM of at least

two experiments.

(E) Bisulfite-sequencing analysis revealed that DNAmethylation at the endogenousOct4 promoter remained unchanged after 8 days of csHP1a recruitment to the

CiA:Oct4 locus.

(F) ChIP analysis of H3K9me3 at the CiA:Oct4 locus in ES cells after csHP1a recruitment for 7 days, 2.5 weeks and 4.5 weeks.
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DNA methylation stabilizes the OFF state 
of the Oct4 promoter
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Figure 3. Maintenance of Heterochromatin and Heritable Oct4 Repression in ES Cells
(A) Experimental design: rapamycin was added for either 7 days or 4.5 weeks and then washed-out with or without Dnmt-inhibitor 5azaC.

(B) Flow cytometry analysis after release from csHP1a after 7 days (low-promoter DNAme) or after 4.5 weeks (high-promoter DNAme).
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DNA methylation enhances heritable 
transmission of the OFF state
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Figure 3. Maintenance of Heterochromatin and Heritable Oct4 Repression in ES Cells
(A) Experimental design: rapamycin was added for either 7 days or 4.5 weeks and then washed-out with or without Dnmt-inhibitor 5azaC.

(B) Flow cytometry analysis after release from csHP1a after 7 days (low-promoter DNAme) or after 4.5 weeks (high-promoter DNAme).
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DNA methylation helps maintain 
repressive histone code following washout
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Figure 3. Maintenance of Heterochromatin and Heritable Oct4 Repression in ES Cells
(A) Experimental design: rapamycin was added for either 7 days or 4.5 weeks and then washed-out with or without Dnmt-inhibitor 5azaC.

(B) Flow cytometry analysis after release from csHP1a after 7 days (low-promoter DNAme) or after 4.5 weeks (high-promoter DNAme).
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ES cell summary: 
              ON → OFF → ON

cellular environment in ES 
cells

        
 

OFF ON

ON

OFF

csHP1α

csHP1α

Bistable 
regime



How about OFF → ON → OFF?

Can transcription 
factors alter epigenetics of 

the Oct4 promoter?

CiA:Oct4
EC cells

to either full-length murine HP1a or a truncated form of HP1a
containing only the CSD (csHP1a). Although infection with
GAL4 alone did not alter GFP, both full-length HP1a and csHP1a
fusion proteins induced complete silencing of gene expression
asmeasured by flow cytometry (Figure S1E). To minimize poten-
tial nonspecific effects of ectopic HP1a expression, we used
csHP1a in subsequent studies.
To gain better temporal resolution of the dynamic processes

involved in HP1a-mediated repression, we used the CIP system
to recruit csHP1a. We infected CiA ES cells with two lentiviral
constructs, one containing GAL4 fused to the CIP anchor,
FKBP12, and the other encoding the csHP1a fragment fused
to two repeats of the 98 aa FKBP12-rapamycin binding (FRB)
domain of mTor with a V5 epitope tag for detection (Figure 2A).
After addition of rapamycin, we monitored changes in GFP
expression and chromatin structure by flow cytometry and
ChIP, respectively. ChIP against the V5 tag revealed significant
recruitment of csHP1a within 6 hr and nearly saturated binding
within 24 hr after rapamycin addition (Figure 2C). csHP1a target-
ing led to complete repression of the CiA:Oct4 reporter within
5 days (Figure 2D). Interestingly, CiA ES cells did not display
a gradual decrease in GFP expression but instead segregated
into a bimodal population of GFP-positive and GFP-negative
cells (Figure 2D, right panel). The distribution and enrichment
of histone modifications was determined by ChIP and real-time

PCR by using sets of common and reporter allele-specific
primers, which cover the distal and proximal regulatory regions
upstream and the gene body downstream of the CiA:Oct4
promoter (Figure 2B). Prior to csHP1a targeting (day 0),
H3K27ac was broadly enriched at promoter-distal and -proximal
sites, whereas H3K4me3 was only enriched downstream of the
active transcription start site (TSS). At this time, H3K9me3 was
absent and only basal levels of endogenous HP1g were detect-
able (Figure 2D). After 18 hr of csHP1a tethering, we started to
observe H3K9me3, which coincided with recruitment of endog-
enous HP1g at the CiA:Oct4 promoter. For the next 4 days,
H3K9me3 and HP1g increased and spread upstream and
downstream of the GAL4 binding site. After 5 days of csHP1a
recruitment, H3K9me3 had formed a large domain of approxi-
mately 10 kbp, which peaked adjacent to the DNA binding site
and gradually decreased for 5 kbp to either side (Figure 2D).
Interestingly, consistent with the bimodal expression pattern,
GFP-negative sorted cells displayed a fully established hetero-
chromatic domain after only 3 days of rapamycin, whereas
GFP-positive cells lacked H3K9me3 (Figure S2). This suggests
that csHP1a-dependent repression initiates stochastically in
an all-or-nothing fashion in individual cells of the population.
Gain of H3K9me3 appeared to involve recruitment of SETDB1
(Figure S3A). Loss of active marks and establishment of the
H3K9me3 domain did not significantly affect nucleosome
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an in-frame EGFP reporter. Distribution of histone modifications at the Oct4 locus in murine ES cells and brain tissue (Mikkelsen et al., 2007) reveals the distinct

chromatin substrates for CiA modulation.
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Figure S4. Addition and Removal of VP16 in CiA MEFs, Related to Figure 4
Distribution of histone modifications at the CiA:Oct4 locus in unsorted MEFs (left panel), in GFP-positive MEFs after ABA addition (middle panel) and in GFP-

negative MEFs after four days of ABA washout. ChIP results show average and SEM of two experiments.
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flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.
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flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.
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flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.
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flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.
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flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.

Cell 149, 1447–1460, June 22, 2012 ª2012 Elsevier Inc. 1453

flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.
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flow cytometry, and by 48 hr we observed GFP reactivation in
approximately 2% of CiA MEFs (Figure 4A). Five days following
infection with GAL4-VP16, nearly 10% of the cell population
stably expressed the CiA:Oct4 reporter. This is an especially
high proportion considering that the artificially reactivated
reporter allele conferred no competitive growth advantage.
These results demonstrate that directed recruitment of a strong

transcriptional activator was capable of rapidly reactivatingOct4
in differentiated cells.
We generated a uniform cell line by transforming CiA MEFs

with simian virus 40 large T antigen. We sorted a homogenous
population of GFP-positive MEFs and examined the chromatin
structure at the CiA:Oct4 locus. Similar to CiA ES cells, sorted
VP16-activated MEFs displayed H3K4me3 and H3K27ac and

(C) Colony growth assay tests heritability ofCiA:Oct4 repression. GFP expression of individual colonies was quantified bymicroscopy (7 days, n = 158; 4.5weeks,

n = 199).

(D) ChIP analysis of histone modifications after rapamycin washout. The bottom panels depict bisulfite sequencing analysis of DNA methylation at CiA:Oct4

promoter after csHP1a washout for 4 days. White lines in schematic below mark relative positions of CpG dinucleotides.

ChIP results represent average and SEM of at least two independent experiments.
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Figure 4. CiA:Oct4 Activation and Kinetics of Heterochromatin Formation in MEFs
(A) CiA E14.5 p4 MEFs were infected with lentiviral constructs of either GAL4 alone or a GAL4-VP16 fusion. Puromycin was added at 48 hr and cells analyzed by

flow cytometry.

(B) Experimental design: theCiA:Oct4 allele was reactivated byGAL4-VP16 in transformedCiAMEFs. GFP-positive cells were enriched by FACS and treatedwith

rapamycin to induce csHP1a targeting.

(C) ChIP analysis of rapamycin-mediated csHP1a recruitment over time.

(D) ChIP analysis reveals dynamic changes of active (H3K4me3, H3K27ac) and repressive (H3K9me3) histone modifications at the CiA:Oct4 locus. Upper panel

summarizes time course of chromatin remodeling at 0 hr, 24 hr, 48 hr, 72 hr, 96 hr, 120 hr, and 192 hr. Data rotated 180! as indicated to display loss of active

marks. Lower panels display loss of active and gain of repressive histone modifications (y axis) across the CiA:Oct4 locus (x axis) at selected time points. GFP

expression was measured by flow cytometry analysis at each time point.

ChIP results represent average and SEM of at least two independent experiments. See also Figures S4 and S5.
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Combinatorial recruitment system

to either full-length murine HP1a or a truncated form of HP1a
containing only the CSD (csHP1a). Although infection with
GAL4 alone did not alter GFP, both full-length HP1a and csHP1a
fusion proteins induced complete silencing of gene expression
asmeasured by flow cytometry (Figure S1E). To minimize poten-
tial nonspecific effects of ectopic HP1a expression, we used
csHP1a in subsequent studies.
To gain better temporal resolution of the dynamic processes

involved in HP1a-mediated repression, we used the CIP system
to recruit csHP1a. We infected CiA ES cells with two lentiviral
constructs, one containing GAL4 fused to the CIP anchor,
FKBP12, and the other encoding the csHP1a fragment fused
to two repeats of the 98 aa FKBP12-rapamycin binding (FRB)
domain of mTor with a V5 epitope tag for detection (Figure 2A).
After addition of rapamycin, we monitored changes in GFP
expression and chromatin structure by flow cytometry and
ChIP, respectively. ChIP against the V5 tag revealed significant
recruitment of csHP1a within 6 hr and nearly saturated binding
within 24 hr after rapamycin addition (Figure 2C). csHP1a target-
ing led to complete repression of the CiA:Oct4 reporter within
5 days (Figure 2D). Interestingly, CiA ES cells did not display
a gradual decrease in GFP expression but instead segregated
into a bimodal population of GFP-positive and GFP-negative
cells (Figure 2D, right panel). The distribution and enrichment
of histone modifications was determined by ChIP and real-time

PCR by using sets of common and reporter allele-specific
primers, which cover the distal and proximal regulatory regions
upstream and the gene body downstream of the CiA:Oct4
promoter (Figure 2B). Prior to csHP1a targeting (day 0),
H3K27ac was broadly enriched at promoter-distal and -proximal
sites, whereas H3K4me3 was only enriched downstream of the
active transcription start site (TSS). At this time, H3K9me3 was
absent and only basal levels of endogenous HP1g were detect-
able (Figure 2D). After 18 hr of csHP1a tethering, we started to
observe H3K9me3, which coincided with recruitment of endog-
enous HP1g at the CiA:Oct4 promoter. For the next 4 days,
H3K9me3 and HP1g increased and spread upstream and
downstream of the GAL4 binding site. After 5 days of csHP1a
recruitment, H3K9me3 had formed a large domain of approxi-
mately 10 kbp, which peaked adjacent to the DNA binding site
and gradually decreased for 5 kbp to either side (Figure 2D).
Interestingly, consistent with the bimodal expression pattern,
GFP-negative sorted cells displayed a fully established hetero-
chromatic domain after only 3 days of rapamycin, whereas
GFP-positive cells lacked H3K9me3 (Figure S2). This suggests
that csHP1a-dependent repression initiates stochastically in
an all-or-nothing fashion in individual cells of the population.
Gain of H3K9me3 appeared to involve recruitment of SETDB1
(Figure S3A). Loss of active marks and establishment of the
H3K9me3 domain did not significantly affect nucleosome
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lacked significant levels of H3K9me3 (Figures S4). The ability to
reactivate the CiA:Oct4 locus allowed us to examine initiation
and maintenance of csHP1a-dependent gene repression and
compare the dynamics of heterochromatin formation between
CiA fibroblasts and ES cells. VP16-activatedMEFswere infected
with ZFHD1-FKBP12 and csHP1a-2xFRB fusion constructs
(Figure 4B). As in CiA ES cells, addition of rapamycin led to rapid
csHP1a recruitment within 24 hr (Figure 4C). GFP expression
was readily repressed in reactivated CiA MEFs, resembling
the overall rate of silencing observed in CiA ES cells (Figures
4D and 2D). However, both the mode of GFP reduction and
the formation of heterochromatin were different. In CiA ES
cells, csHP1a targeting induced a bimodal transition, whereas
a gradual reduction of GFP signal was induced in MEFs (Figures
2D and 4D). During the course of GFP silencing, H3K4me3 and
H3K27ac were reduced and H3K9me3 was established (Figure
4D). To examine whether nucleosome displacement during DNA
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Figure 5. Maintenance of Heterochromatin
and Dependence on Transcription
(A) Experimental design: the CiA:Oct4 allele was

reactivated in transformed CiA MEFs by ab-

scisic acid (ABA)-mediated recruitment of VP16.

GFP-positive reactivated cells were enriched by

FACS. Rapamycin was added for 7 days to recruit

csHP1a. GFP-negative cells were sorted by

FACS. Finally, rapamycin was washed out in the

presence or absence of ABA-recruited VP16. Cells

were analyzed four and eight days later.

(B) Flow cytometry analysis after removal of

csHP1a in the presence and absence of ABA-

recruited VP16.

(C) Cartoon depicts recruitment strategy to

form heterochromatin and test its maintenance.

ChIP analysis of H3K9me3 along the CiA:Oct4

allele during heterochromatin formation and after

csHP1a removal with or without ABA-mediated

VP16 recruitment for 4 and 8 days. H3K9me3

is maintained after rapamycin washout when

not opposed by ABA-mediated transcription

(p values: *p = 0.052, n/s = not significant, **p =

0.007, ***p = 0.004).

ChIP results represent average and SEM of at

least two independent experiments. See also

Figure S6.

replication was required for the transition
from the active to repressed chromatin
state, we halted cell division in CiA
MEFs by serum starvation. Similar to
cycling cells; nondividing cells rapidly
silenced GFP expression and established
a heterochromatic domain within 5 days
of csHP1a tethering (Figure S5). Hence,
we conclude that replication-dependent
histone exchange was not required for
chromatin reprogramming, which may
involve replication-independent histone
variant incorporation or active demethy-
lation instead. In contrast to CiA ES
cells, where the heterochromatic domain

covered approximately 10 kbp, the extent of H3K9me3 in both
cycling and starved MEF cells was much more constricted, ex-
panding only about 2 kbp at the CiA:Oct4 promoter (Figures
4D and S5). These data demonstrated that csHP1a targeting
could overcome strong transcriptional stimulation by VP16 and
induce H3K9me3-dependent repression in MEFs despite form-
ing a smaller heterochromatic domain compared to CiA ES cells.

Heterochromatin Is Stable in the Absence of
Transcription at Oct4
We sought to address the interplay between transcription and
H3K9me3 maintenance by sequential recruitment and removal
of the transcriptional activator VP16 in CiA MEFs. We made
use of an orthogonal pair of CIP partners, PYL1 and ABI1, which
dimerize upon binding of the plant hormone abscisic acid (ABA)
(Liang et al., 2011). CiA MEFs were infected with lentiviral
constructs containing GAL4-ABI1 and PYL1-VP16 (Figure 5A).
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lacked significant levels of H3K9me3 (Figures S4). The ability to
reactivate the CiA:Oct4 locus allowed us to examine initiation
and maintenance of csHP1a-dependent gene repression and
compare the dynamics of heterochromatin formation between
CiA fibroblasts and ES cells. VP16-activatedMEFswere infected
with ZFHD1-FKBP12 and csHP1a-2xFRB fusion constructs
(Figure 4B). As in CiA ES cells, addition of rapamycin led to rapid
csHP1a recruitment within 24 hr (Figure 4C). GFP expression
was readily repressed in reactivated CiA MEFs, resembling
the overall rate of silencing observed in CiA ES cells (Figures
4D and 2D). However, both the mode of GFP reduction and
the formation of heterochromatin were different. In CiA ES
cells, csHP1a targeting induced a bimodal transition, whereas
a gradual reduction of GFP signal was induced in MEFs (Figures
2D and 4D). During the course of GFP silencing, H3K4me3 and
H3K27ac were reduced and H3K9me3 was established (Figure
4D). To examine whether nucleosome displacement during DNA
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(A) Experimental design: the CiA:Oct4 allele was

reactivated in transformed CiA MEFs by ab-

scisic acid (ABA)-mediated recruitment of VP16.

GFP-positive reactivated cells were enriched by

FACS. Rapamycin was added for 7 days to recruit

csHP1a. GFP-negative cells were sorted by

FACS. Finally, rapamycin was washed out in the

presence or absence of ABA-recruited VP16. Cells

were analyzed four and eight days later.

(B) Flow cytometry analysis after removal of

csHP1a in the presence and absence of ABA-

recruited VP16.

(C) Cartoon depicts recruitment strategy to

form heterochromatin and test its maintenance.

ChIP analysis of H3K9me3 along the CiA:Oct4

allele during heterochromatin formation and after

csHP1a removal with or without ABA-mediated

VP16 recruitment for 4 and 8 days. H3K9me3

is maintained after rapamycin washout when

not opposed by ABA-mediated transcription

(p values: *p = 0.052, n/s = not significant, **p =

0.007, ***p = 0.004).

ChIP results represent average and SEM of at

least two independent experiments. See also

Figure S6.

replication was required for the transition
from the active to repressed chromatin
state, we halted cell division in CiA
MEFs by serum starvation. Similar to
cycling cells; nondividing cells rapidly
silenced GFP expression and established
a heterochromatic domain within 5 days
of csHP1a tethering (Figure S5). Hence,
we conclude that replication-dependent
histone exchange was not required for
chromatin reprogramming, which may
involve replication-independent histone
variant incorporation or active demethy-
lation instead. In contrast to CiA ES
cells, where the heterochromatic domain

covered approximately 10 kbp, the extent of H3K9me3 in both
cycling and starved MEF cells was much more constricted, ex-
panding only about 2 kbp at the CiA:Oct4 promoter (Figures
4D and S5). These data demonstrated that csHP1a targeting
could overcome strong transcriptional stimulation by VP16 and
induce H3K9me3-dependent repression in MEFs despite form-
ing a smaller heterochromatic domain compared to CiA ES cells.

Heterochromatin Is Stable in the Absence of
Transcription at Oct4
We sought to address the interplay between transcription and
H3K9me3 maintenance by sequential recruitment and removal
of the transcriptional activator VP16 in CiA MEFs. We made
use of an orthogonal pair of CIP partners, PYL1 and ABI1, which
dimerize upon binding of the plant hormone abscisic acid (ABA)
(Liang et al., 2011). CiA MEFs were infected with lentiviral
constructs containing GAL4-ABI1 and PYL1-VP16 (Figure 5A).
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• a transcription pulse can 
switch cells to a stable  ON 
state!

• once repressive chromatin 
is established, it stays OFF in 
the absence of transcription

• keeping TF tethered turns 
a fraction of cells back on

lacked significant levels of H3K9me3 (Figures S4). The ability to
reactivate the CiA:Oct4 locus allowed us to examine initiation
and maintenance of csHP1a-dependent gene repression and
compare the dynamics of heterochromatin formation between
CiA fibroblasts and ES cells. VP16-activatedMEFswere infected
with ZFHD1-FKBP12 and csHP1a-2xFRB fusion constructs
(Figure 4B). As in CiA ES cells, addition of rapamycin led to rapid
csHP1a recruitment within 24 hr (Figure 4C). GFP expression
was readily repressed in reactivated CiA MEFs, resembling
the overall rate of silencing observed in CiA ES cells (Figures
4D and 2D). However, both the mode of GFP reduction and
the formation of heterochromatin were different. In CiA ES
cells, csHP1a targeting induced a bimodal transition, whereas
a gradual reduction of GFP signal was induced in MEFs (Figures
2D and 4D). During the course of GFP silencing, H3K4me3 and
H3K27ac were reduced and H3K9me3 was established (Figure
4D). To examine whether nucleosome displacement during DNA
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FACS. Rapamycin was added for 7 days to recruit

csHP1a. GFP-negative cells were sorted by
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were analyzed four and eight days later.

(B) Flow cytometry analysis after removal of

csHP1a in the presence and absence of ABA-

recruited VP16.

(C) Cartoon depicts recruitment strategy to

form heterochromatin and test its maintenance.

ChIP analysis of H3K9me3 along the CiA:Oct4
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csHP1a removal with or without ABA-mediated

VP16 recruitment for 4 and 8 days. H3K9me3
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ChIP results represent average and SEM of at
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replication was required for the transition
from the active to repressed chromatin
state, we halted cell division in CiA
MEFs by serum starvation. Similar to
cycling cells; nondividing cells rapidly
silenced GFP expression and established
a heterochromatic domain within 5 days
of csHP1a tethering (Figure S5). Hence,
we conclude that replication-dependent
histone exchange was not required for
chromatin reprogramming, which may
involve replication-independent histone
variant incorporation or active demethy-
lation instead. In contrast to CiA ES
cells, where the heterochromatic domain

covered approximately 10 kbp, the extent of H3K9me3 in both
cycling and starved MEF cells was much more constricted, ex-
panding only about 2 kbp at the CiA:Oct4 promoter (Figures
4D and S5). These data demonstrated that csHP1a targeting
could overcome strong transcriptional stimulation by VP16 and
induce H3K9me3-dependent repression in MEFs despite form-
ing a smaller heterochromatic domain compared to CiA ES cells.

Heterochromatin Is Stable in the Absence of
Transcription at Oct4
We sought to address the interplay between transcription and
H3K9me3 maintenance by sequential recruitment and removal
of the transcriptional activator VP16 in CiA MEFs. We made
use of an orthogonal pair of CIP partners, PYL1 and ABI1, which
dimerize upon binding of the plant hormone abscisic acid (ABA)
(Liang et al., 2011). CiA MEFs were infected with lentiviral
constructs containing GAL4-ABI1 and PYL1-VP16 (Figure 5A).
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Figure 6. Kinetic Model of H3K9me3 Dynamics
(A) We consider chromatin as a one-dimensional beads-on-a-string lattice. Three processes: nucleation, propagation and turnover, yield a bounded steady-state

island of marks. Nucleation occurs at the target site at rate k+. Propagation of the mark continues at sites immediately adjacent to marked sites, at rate k+.

Turnover of the mark is equally likely everywhere at rate k!. When these processes are allowed to occur at the same time, a stochastic, bounded island of

H3K9me3 marks is established at steady state. Sample output of the model with H3K9me3 domains at steady state (right panel; each horizontal line represents

a single simulation).

(B) Simplified kinetic scheme of H3K9me3 dynamics. Without a feedback mechanism to reinforce placement of H3K9me3 marks, the domain collapses in the

absence of continued nucleation (lower panel). In the presence of a feedback mechanism that stabilizes H3K9 methylation (denoted by H3K9me3*) the domain

persists.

(C) The profile of the steady-state island varies with k (defined in main text). Larger values of k increase the size of the island until k > 1.5; above this value, the

island grows without bounds.

(D) Fits of the experimental H3K9me3 ChIP data shown in Figure 2 to the kinetic model. Data from ES cells are best described by k = 1.5, whereas the data from

MEFs are described by k = 1.0.

(E) Specific values of k+ and k! were obtained by fitting the simulations to a time course of integrated H3K9me3 ChIP enrichment at the locus (see Figure 2).

Resulting values of k+ and k! are shown next to the data for each cell type. Our estimated uncertainty in these values is 35% (shaded regions).

(F) Clustering of genomic H3K9me3 domains in ES cells (Bilodeau et al., 2009) by k-means, with k = 3. Clustering identified two predominant groups (‘‘small’’ and

‘‘large’’ H3K9me3 domains), and a very small number of aberrant domains.

(G) Small H3K9me3 domains (mean ± SD) are described well by our model with k = 1.0.

(H) Large H3K9me3 domains (mean ± SD) are described well by our model with k = 1.4.

See also Figure S7.
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propagation rate to neighboring nucleosome 
    ~ every $5.7 hr in ES cells 

~ every $6.9 hr in MEFs.

(35% error)
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(A) We consider chromatin as a one-dimensional beads-on-a-string lattice. Three processes: nucleation, propagation and turnover, yield a bounded steady-state

island of marks. Nucleation occurs at the target site at rate k+. Propagation of the mark continues at sites immediately adjacent to marked sites, at rate k+.

Turnover of the mark is equally likely everywhere at rate k!. When these processes are allowed to occur at the same time, a stochastic, bounded island of
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(D) Fits of the experimental H3K9me3 ChIP data shown in Figure 2 to the kinetic model. Data from ES cells are best described by k = 1.5, whereas the data from

MEFs are described by k = 1.0.

(E) Specific values of k+ and k! were obtained by fitting the simulations to a time course of integrated H3K9me3 ChIP enrichment at the locus (see Figure 2).

Resulting values of k+ and k! are shown next to the data for each cell type. Our estimated uncertainty in these values is 35% (shaded regions).

(F) Clustering of genomic H3K9me3 domains in ES cells (Bilodeau et al., 2009) by k-means, with k = 3. Clustering identified two predominant groups (‘‘small’’ and

‘‘large’’ H3K9me3 domains), and a very small number of aberrant domains.

(G) Small H3K9me3 domains (mean ± SD) are described well by our model with k = 1.0.

(H) Large H3K9me3 domains (mean ± SD) are described well by our model with k = 1.4.
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Conclusions

a nucleation point for HP1 binding can 
turn off a gene via altering the histone 
code, in spite of TFs to drive transcription
DNA methylation or absence of 
transcription stabilizes the OFF state
strong tethering of a transcription factors 
can turn locus ON, overcoming repressive 
chromatin (as long as nucleation is weak)



Conclusions (in pictures)

       

  

OFF ON
• OFF: stably heritable in the absence of 
transcriptional activators 
• OFF: heritable in the presence of TFs in the 
cell, but frequent stochastic ON-flip
• ON: stably heritable in the presence of active 
transcription and lack of HP1 nucleation

Histone-code  
alone is bistable

        
 

OFF ON

Histone-code + 
DNA methylation  
strongly bistable

• OFF: stably heritable, with rare 
stochastic ON-flip



Strengths

I never learned this much epigenetics from 
anywhere else

not from reviews

not from conference

Proves heritable bistability of histone code 
attention to the role of stochastic events, dependent 
on barrier height

Simple, conceptual kinetic model -> broad 
applicability: H3K9m3 marks are copied to neighbors



Drawbacks? Help!
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be involved in pluripotency, these exogenous compo-
nents are only required transiently to trigger an intrin-
sic programme for resetting the key genes75–78. It has 
been shown that inhibition of G9a80,81, or the inclusion 
of DNA or histone demethylating agents79,82, stimulates 
reprogramming and can even reduce the need for some 
of the initial factors. This presumably works because 
G9a plays a part in maintaining both histone and DNA 
methylation. Knockdown of G9a has also been shown 
to stimulate the reprogramming that can be induced by 
the fusion of somatic cells into an embryonic stem cell 
environment82. It should be noted that normal repro-
gramming that takes place in vivo during the formation 
of primordial germ cells or in the early post-fertilization 
embryo also involves a combination of heterochromatin 
removal and demethylation1,61.

DNA methylation in cancer
Understanding the relationship between DNA meth-
ylation and certain histone modifications is also provid-
ing insights into the aberrant gene expression patterns 
observed in cancer. Many studies have shown that cancer 
cells are subject to abnormal de novo methylation com-
pared with their normal counterparts, and new evidence 
suggests that this process may be linked to histone modi-
fication. Early experiments that concentrated on indi-
vidual gene promoters indicated that cancer-associated 
DNA methylation is restricted to tumour suppressor 
genes, and these findings gave rise to the theory that these 
methylation patterns must be generated through a process 
of ‘selection’83. Preliminary evidence suggested that some 
cancer cells express an abnormally high concentration of 
methyltransferases84,85, and this could cause a low level of 
stochastic de novo methylation over all CpG islands in 
the genome. One model based on this evidence argues 
that de novo methylation of tumour suppressor genes 
would inhibit their function and thus promote increased 
cell proliferation, thereby providing a strong selective 
advantage for cells with methylated tumour suppressor 
promoters. This model thus predicts that growth selection  
would result in a specific pattern of de novo methylation.

With the advent of microarray methodologies for 
assessing DNA methylation on a genome-wide scale, 
it has become possible to examine global patterns of 
de novo methylation in cancer without sampling biases. 
These studies indicate that a large number of CpG 
islands can become de novo methylated at an early stage 
of tumorigenesis16,86. Many of these methylation events 
occur at the promoters of genes that are not tumour sup-
pressors, and the large majority of these genes (>90%) 
are actually already repressed in the normal tissue, 
before transformation86. This clearly indicates that the 
de novo methylation profile in tumours is not formed 
as a result of selection. Rather, it seems that the precise 
locations of de novo methylation may be determined 
by a pre-programmed targeting mechanism. Indeed, 
several studies now show that a significant proportion 
of de novo methylated CpG islands are target sites for 
Polycomb protein binding87–89. Thus, in normal cells 
these loci are probably bound by PRC2 through the SET 
domain protein EZH2.

Although these CpG islands remain largely unmeth-
ylated during normal development13,14, there seems to 
be some trigger that causes them to undergo de novo 
methylation in cancer. This might be mediated by the 
interaction of EZH2 with DNA methyltransferases51 
(FIG. 5). This model suggests that, in a manner similar 
to that occurring during normal development, histone 
methyltransferases are involved in enabling de novo 
methylation in cancer. One possibility is that changes 
in the overall levels of EZH2 (REF. 90), DNMT3A or 
DNMT3B lead to an altered equilibrium at the sites 
of Polycomb target genes, and this might be mediated 
through microRNAs91–93.

Interestingly, it has recently been shown that many 
of the genes that become methylated de novo in cancer 
actually undergo a decrease in Polycomb marking in the 
same tumour cells94; it seems that the DNA methylation  
partially replaces the previous heterochromatiniza-
tion that was mediated by histone methylation (FIG. 5).  
The DNA methylation might then be maintained by 
DNMT1, even though the original factors that triggered 

Figure 4 | A model of somatic cell reprogramming. Pluripotency genes in somatic cells have methylated CpG islands 
(dark purple circles) and are packaged with nucleosomes containing non-acetylated histones and methylated (Me) lysines 
(histone H3 trimethylated at lysine 27, for example), which bind chromodomain proteins such as Polycomb proteins (PC). 
These marks seem to be maintained by the presence of both SET domain-containing proteins (SET) and DNA 
methyltransferases, such as DNMT3A and DNMT3B. Reprogramming through the generation of induced pluripotent stem 
cells takes place in two steps. In the first step, the repressive histone methylation marks are removed, and this is then 
followed at a much later stage by removal of DNA methylation (light purple circles) and activation of the gene and its 
overlying chromatin structure79. Ac, acetylation.
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first 
event?

first 
event?

•  Q:  what determines the endogenous sites of H3K9m3 nucleation?



Outlook

How does the histone - DNA methylation (double) 
switch work in EC genes induced/repressed by signals 

Mardsen: DNA methylation stays off, histone code is 
flipped ON/OFF by biological signals

Aird lab :vWF promoter - DNA methylation (and 
histone) undergoes stochastic flips

Do the DNA methylation-related results of this paper 
only apply to CpG islands? 
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Original definition:
* mechanisms by which different cellular phenotypes are 
clonally heritable, without altering the genetic code

What is epigenetics?

        
 

OFF ON

What types of mechanism? 
* DNA methylation
* nucleosomal histones
* regulatory circuits with 
positive feedback

Any 
mechanism able to 

generate stong 
bistability

A B
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