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Novel Combination of Chromatin Modifications
Governs Embryonic Stem Cell Maintenance

Harvard Medical School’s Bradley Bernstein talks with UT Southwestern’s Ryan Weil about how bivalent
methylation may control the timing of cell division and differentiation in stem cells

By Megha Satyanarayana

Harvard researchers, led by Bradley
Bernstein and Eric Lander, have discov-
ered a novel feature of chromatin in
embryonic stem (ES) cells that keeps
these cells poised to become different
tissues, once they get the molecular go-
ahead signal. This finding is critical to
understanding what makes stem cells
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differentiate into the myriad tissues of
the body.

The research team used custom tiling
microarrays to examine 56 genomic
regions of mouse embryonic stem cells.
They found that the protein spools, or
histones, around which DNA is wound
into chromatin contained two methylated
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lysines, known as K4 and K27. The
group’s work was published in the April
21, 2006 edition of Cel.

“The really surprising result was that
when we looked in embryonic stem cells,
where developmental genes have yet to
be committed to defining the lineage,
there was a different epigenetic structure,
which  we called “bivalent,” said
Bernstein, assistant professor of patholo-
gy at Harvard Medical School, and lead
author of the study. “It had characteris-
tics both of active and silent chromatin.”

Methylation at K27 usually serves to
keep the DNA bound tightly to the his-
tone, keeping it unavailable for transcrip-
tion. K4 methylation loosens the hold of
the histone on the DNA, allowing genes
to be transcribed. The researchers believe
that the combination of methylated
lysines in ES cells may be the key to keep-
ing developmental genes turned off in
embryonic stem cells while ensuring that
these cells maintain their pluripotency
and remain at-the-ready.

The team also found that the methy-
lation patterns in ES cells correlated with
specific DNA sequences. K4 methylation
occurs in CpG islands and K27 methyla-
tion occurs in regions free of transpos-
able elements.

Bernstein recently spoke with Ryan
Weil, a recent graduate of UT South-
western Medical Center in Dallas, about
using tiling arrays to study chromatin in
ES cells. Weil’s graduate work focused on
developing a microarray-based system that
allows researchers to directly measure the
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chromatin condensation state of DNA.
The two discussed:
® How DNA modifications may act in
concetrt to control cell differentiation

® Development of a custom tiling
array to look at chromatin structure

® Future studies and the call for an
“epigenome project”

Tiling arrays and histone modifications

Weil: Would you give a brief introduc-
tion to chromatin, its modifications and
how you started studying these processes?

Bernstein: Sure. Eukaryotic genomes
are organized into a higher ordered struc-
ture called chromatin, which consists of
DNA associated with histone proteins.
Histones are subject to chemical modifi-
cations, such as methylation, that regulate
the accessibility and consequently, the
expression of the genes they are associat-
ed with. One of the reasons we are so
interested in histone modifications is that
evidence in model systems suggests that
these modifications are maintained
through cell divisions and may now repre-
sent an additional layer of heritable infor-
mation. This is the basis of epigenetics.
We think that histone modifications may
play an important role in maintaining
gene expression patterns and in defining
and maintaining cell identity.

In our eatlier studies using tiling arrays,
we found that the Hox gene cluster con-
tained broad domains of modified his-
tones — very large regions of up to 100
kilobases in size — that we thought con-
tributed to the epigenetic maintenance of
Hox gene expression or repression in a
particular cell type. So, we went back to

The really surprising result was that
when we looked in embryonic stem cells,
where these developmental genes have yet
to commit to a specific lineage, there was
a different epigenetic structure, which we
called “bivalent”. It had characteristics
both of active and silent chromatin. The
regions had large domains of K27 methy-

“One of the reasons we are so interested in histone

modifications is that evidence in model systems

suggests that these modifications are maintained

through cell divisions and may now represent an

additional layer of heritable information.”

tiling arrays and looked at a number of
developmental loci in differentiated cells,
to see whether such broad domains of
chromatin were a more general organiza-
tional feature of mammalian genomes.
Indeed, we found that in differentiated
cells, there are many broad domains of
chromatin that exhibit characteristics of
cither active chromatin, in that they show
K4 methylation or condensed chromatin
with K27 methylation.
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lation overlapping smaller sites of K4
methylation and tended to coincide with
the transcription starts of key develop-
mental genes or, as one might call them,
the master regulator genes. So, this and
supporting data really suggest that in
embryonic stem cells, master regulator
genes are regulated by a unique epigenet-
ic structure that has characteristics of
both active and repressed chromatin and
this seems to silence the master regulators
in the embryonic stem cells while main-
taining their potential to activate during
development.

Weil: In order to study this model
system in a fashion that is both high reso-
lution and high throughput, you needed
to custom design tiling arrays for your
regions of interest. What challenges did
you face when designing probes and the
array itself?

Bernstein: We were one of the first
groups to make custom tiling arrays and
of course there were a number of glitch-
es along the way that had to be dealt
with. Fortunately, we caught them by the
bioinformatics stage. By the time we
made a mask and had the arrays synthe-
sized, the sequences were accurate and
the resulting product was exactly what
we were shooting for.

We used both perfect match and mis-
match probes. We are doing tests to
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figure out whether we need both of them
or whether we can get by with perfect
match alone. We want to determine at
what level we can rely on these data. We
know that when we set a high threshold
and use the statistical analyses developed
by both our group and Tom Gingeras’
group at Affymetrix, we can identify
modified regions using the arrays, a very
high proportion of which validate by
rtPCR. We are currently working to
understand the degree to which the data
are quantitative, and whether weakly
modified sites can be identified through
improved analysis techniques.

To interpret the data, we used a
method where an approximately 500-
base pair window is defined. The signal
within that window is quantified and
compared to the same set on a control
array and, using a probabilistic model,
one can identify the degree to which that
genomic region was enriched in the
immunoprecipitation step. That is essen-
tially how we identified enriched sites
using the array method for modified
regions of the genome.

Modeling mechanism and association
with genomic features

Weil: After reading the paper, I start-
ed thinking of a metaphor for describing
a potential mechanism for bivalent chro-
matin controlling early transcription. In
drag-racing, the cars wait for the green
light, the driver’s foot is on the gas, but
the transmission not yet engaged. That
way when the driver gets a green light, the
engine’s revved and ready to go, and all
that needs to be done to get off the line
quickly is put the car in gear, so the
wheels start turning, Is that how you see
bivalent chromatin domains controlling
transcription, with the genes ready to go,
and just waiting for the signal to start
transcription?

Bernstein: I think there are a number
of analogies one can use, and yours is
perfectly reasonable. Existing data really
indicates that bivalent domains function
to repress critical master regulator genes.
Yet they clearly allow their subsequent
activation during development. My sense
is that these developmental loci are where

we find the bivalent domains because
they control some of the most critical
genes in the organism. We think that the
combination of K27 and K4 methylation
helps to precisely regulate the expression
of these genes, to keep them silent in the
embryonic stem cell and to be sure the
proper epigenetic controls are put in
place upon differentiation.

Weil: Have the triggers for switch-
ing back to monovalent chromatin
been identified?

Bernstein: We’ve done a number of
experiments in differentiated cells. What
we see is that essentially all the bivalent
domains resolve to either K4 methylation
alone or K27 methylation alone. This
state correlates on a global level with the
transcriptional status of the genes in the
region, whereby active genes are associat-
ed with the K4 methylation and silent
genes become associated with K27
methylation. But we really don’t know
much about the molecular mechanisms
behind this yet. You can imagine possible
mechanisms might include histone
replacement, histone demethylation or
more passive processes, but we don’t yet
have data to address this.

Once differentiation is triggered, the
process isn’t homogenous, so you end up
with a heterogeneous population of cells.
Because you need a synchronous popula-
tion to do the experiment, it’s quite diffi-
cult to look at the dynamics with which
these domains resolve or to identify the
triggers and regulatory factors that are
involved.

Weil: What is the link between biva-
lent domains and CpG islands in tran-
scriptional control?

Bernstein: Good question. CpG
islands are these CG-rich clusters defined
by genomic sequence. In general, we
understand from evolutionary principles
that CpG islands should actually be DNA
methylation-free. To be clear here, the
DNA methylation is distinct from the
histone methylation which we examined.
We found that histone methylation at K4
actually occurs mostly at CpG islands in
the ES cells. Interestingly, the proteins
that methylate histones at K4 have affini-
ty for un-methylated CpG dinucleotides.

Bradley Bernstein

So, it proposes a nice model in which
CpG islands that are un-methylated at the
DNA level recruit proteins that promote
methylation of histones at K4.

Weil: Interesting. So how do highly
conserved noncoding elements (HCNEs)
fit in here?

Bernstein: What we have learned in
this paper is that the epigenetic modifica-
tion patterns in the embryonic stem cells
correlate exquisitely with specific DNA
sequences in genomic features. As I men-
tioned, K4 methylation correlates very
nicely with CpG islands. We also see that
there is a specific genomic feature that
correlates very nicely with K27 methyla-
tion in that there are these large regions
without transposable elements that are
highly correlated with K27 methylation.
We really don’t know the mechanism yet,
though it may be that the transposons are
acting as boundary elements, stopping
the spread of K27.

These same regions also have a very
high number of these highly conserved
noncoding elements (HCNEs). But we
really don’t yet know what the HCNEs
are doing. The HCNEs tend to be
enriched across regions of hundreds of
kilobases, if not a megabase — much
larger than the bivalent domains. So
HCNEs really can’t simply be explained
as being necessary for bivalent domains to
occur. They must be doing something
else. We think they may have some role in
higher order chromatin or chromosomal
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organization, but it remains a mystery

exactly what these highly conserved non-

coding elements are doing,

Weil: So, given the gene expression
similarities in stem cell maintenance and

oncogenesis of differentiated cells, would
you expect to find renewed bivalency in
tumor cells?

Bernstein: This is an incredibly
important question to ask. We want to do
those experiments, but there are some real
technical hurdles that we face. One of the
clear limitations of the ChIP-on-chip
method is that we need to start with a very
large population of homogeneous cells
— on the order of 10 million cells to get
enough material for the tiling arrays. To
ask whether the cancer stem cell has epi-
genetic characteristics that are reflective
of either embryonic stem cells or of

adult stem cells, we will need a few tech-
nological breakthroughs.

Future studies and the epigenome

Weil: So, with what you have learned
about embryonic stem cells and bivalent
domains, what are you going to do next?

Bernstein: We are very interested in
the initial epigenetic state, how modifica-
tions in the ES cells are established, and in
particular, the role of the DNA sequence
in the establishment of the epigenome.
We are looking at ES cell mutants that
lack particular chromatin enzymes and
seeing whether these have defective biva-
lent domains and what are the conse-
quences of these mutations on the
regulation of the associated genes.

We are also interested in seeing how
pervasive the bivalent domain may be in
adult stem cells and cancer stem cells. Our
initial studies suggest that bivalent domains
are a unique signature to embryonic stem
cells, but at a more limited level, some biva-
lent domains may persist in adult stem cells
or other multipotent tissues.

Weil: So, Peter Jones, past president of
the AACR, is calling for a large-scale
effort to sequence the epigenome in the
same way that the regular genome was
sequenced. There is a lot of interest right
now in high throughput methods for
studying the epigenome. Where do you
see your method fitting into this work?

Bernstein: I think this is an incredibly
important point that Dr. Jones is making
Epigenetic deregulation is broadly impli-
cated in human disease. Especially in
cancer where many chromatin regulators
are known oncogenes or tumor supres-
sors, and inhibitors of histone modifying
enzymes are promising therapeutic agents.
So, for so many reasons, it would be
informative to obtain a comprehensive
inventory of the epigenetic state, both of
normal and diseased tissues, including and
beyond cancer. I think the technology is
there or nearly there to do the experi-
ments, and in particular, tiling arrays are a
promising method for looking at histone
modifications on the genome-wide level.
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