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The double-edged sword of bivalency

The neuronal epigenome

is special

The dawn of molecular biology
inthe twentieth century gave
risetoaflurry of excitementin
the early 2000s about the role
of epigenetics. Next-generation
sequencing meant it was now pos-
sible toread the DNA sequence of
coding and non-coding regions
with ease. The first histone modi-
fiers were identified and impli-
cated in generegulation, and the
‘histone code’ hypothesis was
proposed by Jenuwein and Allis to
understand chromatin function.
Classical developmental
biology had already shown the
importance of chromatin modi-
fiersinlineage commitmentand
tissue diversification frominsects
tomammals. The evidence collec-
tively pointed to chromatinasa
crucial regulatory layerinachiev-
ing correct timing and specificity
ingene expression. But what
really was the histone code and
how did it work mechanistically?
Part of the answer camein2006
from two fundamental papers
by the groups of Eric Lander and
Amanda Fisher. Using different
(now archaic) approaches of
chromatinimmunoprecipita-
tion (ChIP)-chip and ChIP-
quantitative PCR, both groups
found that a certain set of
genes have both transcriptionally
permissive (active) and repres-
sive histone modifications at
their highly conserved regulatory
regions. These domains were
categorized as double-positive
for the ‘active’ modification
H3K4me3 and the ‘repressive’
chromatin mark H3K27me3,
and termed ‘bivalent’. Notably,
bivalency was specific to embryo-
nic stem cells and resolved to
monovalent active or repressed
states upon differentiation.
The chromatin of bivalent
regions was accessible in stem
cellsand later becameinacces-
sibleif repressed, and remained

accessibleif active in the differ-
entiated tissue (accessibility was
confirmed by studying replica-
tion timing in the pre-ATAC-seq
era). As bivalency was found
mostly at developmental genes,
the groups postulated that
bivalency keeps developmental
genesina ‘ready-to-go’stateto
enable unrestricted and prompt
differentiation of pluripotent
cellsinto different lineages upon
receiving distinct cues.

Today, 17 years after its incep-
tion, the field is still working on
understanding the many facets
ofbivalency. Latest technologies
enable the dynamic nature of
this double-edged regulation to
be captured in detail. Although
the concept of bivalency and
its claimed specificity for
developmental genes has been
challenged over the years, it
remains supported by and
continues to pique the interest
of researchers from different
backgrounds. Amajor open
question, which also inspires our
research, is how differentiation
cuesarerelayed to chromatin to
resolve bivalency. Suchinsights
will strengthen or evenrevise our
understanding of bivalencyinthe
great scheme of cellular decisions
thatunderlie developmental
timing and trajectories.
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WhenIwas aneurobiology

PhD studentin the 1990s, my
colleagues and I obsessed

over genes that were “neuron
specific”, thinking that unique
molecular mechanisms must
underlie the most interest-

ing functions of our favourite
cells. Thatidea was laid to

rest, or so I thought, when the
neuron-specific process of syn-
aptic vesicle release was shown
torequire the same proteins
that mediate general vesicle
traffickingin all cells. Neurons
arejust cells, Ireluctantly
concluded, and their important
functions rely on adaptations of
common mechanisms.

The methylation of genomic
DNA at cytosinesis aconserved
mechanism that facilitates the
expression of cell-type-specific
transcriptomes. In most mam-
malian cells, methylation occurs
almost exclusively at CpG
dinucleotides. DNA methylation
isinherently mutagenic, causing
replacement of cytosine by thy-
mine. As aresult, CpG dinucleo-
tides are under-representedin
mammalian genomes. However,
methylationisalso pervasive,
occurring at~75% of CpG
dinucleotides in somatic cells.

Conceptsin epigenetics
tend to emerge upwards from
data, and the development
of methods for genome-wide
sequencing of DNA methylation
atsingle-baseresolutionin the
late 2000s propelled a concep-
tual transformationin this field.
One early discovery was that
afraction of DNA methylation
occurred atnon-CpGsitesin
pluripotent stem cells, but this
modification was thought to be
lost after cell differentiation.

Then, in2013, Lister etal.
sequenced the neuronal

methylome over the full
time-course of brain develop-
mentinboth mouse brainsand
human brains. They saw, as
expected, that CpG methylation
was abundantin neurons, and
its distribution suggested a con-
served functionin transcription
repression. However, neurons
beganto accumulate excep-
tionally high levels of non-CpG
methylation after birth. In fact,
unprecedentedly, the authors
found that adult neurons have as
many sites of non-CpG methyla-
tion as sites of CpG methylation.
Moreover, the postnatal accu-
mulation of non-CpG meth-
ylationin the brainis neuron
specific, asit was not detected in
other brain cell types.

These datawere exciting
because therise of non-CpG
methylation in neurons
coincides with the postnatal
period of synapse maturation,
suggesting that this distinc-
tive feature of the neuronal
epigenome contributes to brain
wiring. Taken together with
evidence that non-CpG methyla-
tionis written and read by the
neurodevelopmental-disorder-
associated proteins DNMT3A
and MECP2, respectively, this
paper was foundational for
launching studies of how the
uniqueness of the neuronal
epigenome shapes cognitive
development.
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