PERSPECTIVE

Phasing in heterochromatin during

development

Robin L. Armstrong' and Robert J. Duronio’*3*°

ICurriculum in Genetics and Molecular Biology, *Department of Biology, *Department of Genetics, “Integrative Program
for Biological and Genome Sciences, “Lineberger Comprehensive Cancer Center, University of North Carolina, Chapel Hill,

North Carolina 27599, USA

Constitutive heterochromatin is a prevalent feature of
eukaryotic genomes important for promoting cell dif-
ferentiation and maintaining genome stability. During
animal reproduction, constitutive heterochromatin is dis-
assembled in gametes prior to formation of the zygote and
then subsequently re-established as development ensues
and cells differentiate. Despite progress in understanding
the mechanisms that maintain heterochromatin in differ-
entiated cell types, how constitutive heterochromatin is
assembled de novo during early development remains
poorly understood. In this issue of Genes & Development,
Seller and colleagues (pp. 403-417) develop a new technol-
ogy for inhibiting maternal gene function to identify the
H3K9 methyltransferase necessary for initiating constitu-
tive heterochromatin formation during early Drosophila
embryogenesis.

Constitutive heterochromatin is a condensed form of
chromatin that promotes genome stability by suppress-
ing recombination within DNA repeats and repressing
transposon mobilization in both the soma and germline.
A characteristic molecular feature of constitutive hetero-
chromatin is di- and trimethylation of K9 of histone H3
(H3K9me2/3), which binds HP1la and thereby organizes
the functional features of constitutive heterochromatin
in differentiated cells. Despite its name, constitutive het-
erochromatin is quite dynamic. Each cell cycle, it is disas-
sembled in mitosis and reassembled in the subsequent
interphase. The many layers of constitutive heterochro-
matin regulation, including histone tail posttranslational
modifications, are erased each generation to yield a zygote
with an essentially naive genome capable of producing ev-
ery differentiated cell type. As development proceeds, the
genome is reorganized such that cells progressively ac-
quire the structural and functional features of heterochro-
matin, but how this occurs has remained a mystery.

The critical features and functions of heterochromatin
are evolutionarily conserved from fungi to mammals,
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and studies in genetically tractable organisms have begun
to shed light on the mechanisms of de novo constitutive
heterochromatin assembly in early development (Mutlu
et al. 2018; Seller et al. 2019). A recent series of elegant
studies by O’Farrell and colleagues (Seller and O’Farrell
2018; Seller et al. 2019) examined this process by combin-
ing genetics with live imaging of Drosophila embryos.
Embryogenesis in Drosophila begins with 13 rapid cleav-
age divisions that quickly increase cell number prior to
gastrulation. These nuclear divisions occur in a syncy-
tium, lack G1 and G2 phases of the cell cycle, and rely
on maternally loaded mRNAs and proteins because they
occur prior to activation of zygotic transcription. Inter-
phase length gradually increases during cycles 9-13 prior
to the midblastula transition (MBT) in cycle 14, when a
number of important events occur, including cellulariza-
tion and activation of zygotic gene expression (Fig. 1A).
H3K9me and HP1a are absent from chromatin prior to cy-
cle 11, and mature heterochromatin with these molecular
hallmarks does not appear until after the MBT, when het-
erochromatin acquires its particular functions (e.g., tran-
scriptional repression) and cytology (e.g., assembly into
chromocenters). The present study by Seller et al. (2019)
set out to answer two outstanding questions: (1) How
does heterochromatin initially assemble? (2) What con-
trols the timing of this event?

The O’Farrell group (Yuan and O’Farrell 2016) previous-
ly developed novel technologies to visualize and describe
heterochromatin emergence in living Drosophila embry-
os with fine-scale temporal resolution. Key among these
was the use of TALE-lights, fluorescent proteins fused to
TALENS that bind to specific satellite repeats present in
pericentric heterochromatin (Yuan and O’Farrell 2016).
A seminal observation from these studies is that not all
features of constitutive heterochromatin appear simulta-
neously. For instance, compaction and late replication of
satellite DNA sequences occur prior to the appearance
of H3K9me/HPla-enriched heterochromatin (Fig. 1B;
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Figure 1. Progressive assembly of constitu-
tive heterochromatin in Drosophila embry-
0s. (A) Drosophila embryogenesis begins
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Satellite DNA assembly by recruiting HP1a. The increase

in interphase duration each cycle results in

increasing amounts of heterochromatin formation such that by cycle 15, heterochromatin coalesces via liquid-liquid phase transition
into canonical H3K9me/HP1a/Rifl-enriched chromocenters with the functional properties of constitutive heterochromatin.

Yuan and O’Farrell 2016; Seller and O’Farrell 2018). In the
present study, Seller et al. (2019) asked which of the three
Drosophila H3K9 methyltransferases—G9a, Su(var)3-9,
or Eggless/SETDB1—establishes H3K9me/HP1a-enrich-
ed heterochromatin in the early Drosophila embryo.
One reason for this knowledge gap is the difficulty of in-
hibiting the function of proteins loaded into the egg by
the mother, a problem for studying chromatin organiza-
tion in mammalian embryos as well (Fadloun et al.
2013). G9a and Su(var)3-9 are dispensable for Drosophila
development, allowing Seller et al. (2019) to remove their
maternal contribution and demonstrate that they are not
required for heterochromatin assembly in the embryo.
The major function of these H3K9 HMTases is likely in
heterochromatin maturation and/or maintenance later
in development.

In contrast to G9a and Su(var)3-9, Eggless/SETDBI is
an essential gene and is required for oogenesis, precluding
the ability to generate eggs lacking this enzyme. To inter-
rogate functions of Eggless/SETDBI in de novo constitu-
tive heterochromatin formation, Seller et al. (2019)
implemented a novel method for functionally inactivat-
ing maternally loaded nuclear proteins called JabbaTrap.
Jabba is a protein associated with cytoplasmic lipid drop-
lets that binds to and stores maternally loaded histone
H2a and H2Db for use in syncytial S phases (Li et al.
2012). JabbaTrap employs an anti-GFP nanobody-Jabba fu-
sion protein to sequester GFP-tagged proteins in the cyto-
plasm and exclude them from acting in the nucleus.
Importantly, sequestering occurs in the syncytial embryo
after oogenesis is complete, allowing the analysis of eggs
in which the function of maternally deposited proteins
have been inhibited. Sequestering Eggless/SETDBI1 in
the egg cytoplasm with JabbaTrap prevented the appear-
ance of H3K9me?2/3 and HP1a at a specific satellite se-
quence at the MBT. Similarly, Met-2/SETDBI is needed
for initiating heterochromatin assembly in Caenorhabdi-
tis elegans embryos (Mutlu et al. 2018). Thus, SETDBI1
methyltransferases are critically important for initially
establishing constitutive heterochromatin during animal
development. However, what controls timing of the onset
of heterochromatin formation?

In Drosophila syncytial embryos, interphase duration
extends from a few minutes to ~1 h at the MBT. Seller
et al. (2019) show that Eggless/SETDBI recruitment to
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pericentric satellite DNA in cycle 10 precedes the appear-
ance and growth of small disperse foci of HPla during
syncytial cycle 11 (Fig. 1A,B). Thus, the recruitment of
Eggless/SETDBI1 to DNA triggers the initiation of hetero-
chromatin formation, but how this recruitment occurs is
not clear. Since heterochromatin disassembles in mito-
sis, the duration of interphase might limit the amount
of heterochromatin that can be assembled each cycle. In-
deed, as interphase duration increases each successive
cycle, H3K9me/HP1la foci grow in size (Fig. 1B). Seller
et al. (2019) demonstrate that changing interphase length
by manipulating the activity of cell cycle regulators to ex-
tend or reduce interphase duration promotes and inhibits,
respectively, Eggless/SETDBI foci and heterochromatin
formation. Thus, the developmentally programmed in-
crease in nuclear cycle length helps initiate and promote
de novo heterochromatin assembly in Drosophila. The
progressive assembly and maturation of constitutive het-
erochromatin also occurs in C. elegans embryos, but here
regulation of nuclear localization of Met-2/SETDBI con-
trols the onset (Mutlu et al. 2018). How de novo hetero-
chromatin formation in early mammalian embryos is
controlled is not known. Unlike Drosophila, mammalian
embryos begin transcription early after zygote formation,
and one possibility is that transcription of repeated se-
quences activates dSRNA/RNAi pathways to recruit het-
erochromatin factors, as occurs in fission yeast (Fadloun
et al. 2013). Thus, different organisms likely have evolved
distinct mechanisms to initiate constitutive heterochro-
matin formation early in development.

The progressive emergence of characteristics of mature
heterochromatin in the early fly embryo is reminiscent of
other biomolecular condensates in the nucleus, such as
the nucleolus (Falahati et al. 2016). Components of bio-
molecular condensates often self-associate and undergo
liquid-liquid phase separation (LLPS) in cells, as do both
Drosophila and human HP1la (Larson et al. 2017; Strom
et al. 2017). Some of these molecules can nucleate or
“seed” recruitment of other factors, resulting in growth
of the condensate. After small HP1a foci initially appear
during syncytial cycle 11 in fly embryos, they grow in
size each successive cycle and ultimately undergo a
LLPS-like coalescence into large heterochromatin assem-
blies after the MBT (Fig. 1B; Yuan and O’Farrell 2016;
Strom et al. 2017). This heterochromatin “maturation”



is accompanied by a shift in HP1a behavior in the conden-
sate from fully mobile to ~20% of the HP1a being present
in an “immobile” core associated with chromatin and po-
tentially other cellular compartments (e.g., nuclear lami-
na). Seller et al. (2019) demonstrate that in the absence
of Eggless/SETDBI1, HP1a foci remain immature and fail
to fuse, suggesting that temporal regulation of H3K9me
deposition prior to and during the MBT is critical for het-
erochromatin maturation. However, whether H3K9me
contributes to chromatin inclusion in HPla LLPS and
whether chromatin inclusion is a requirement for hetero-
chromatin maturation remains unknown (Shin et al.
2018).

Although canonically defined by H3K9me/HP1a, con-
stitutive heterochromatin is a complex structure com-
posed of many factors with differential dependencies on
one another (Becker et al. 2017). The recruitment of Rap-
interacting factor 1 (Rifl) to satellite DNA establishes
late replication of heterochromatin in the syncytial Droso-
phila embryo (Seller and O’Farrell 2018). Notably, this
occurs prior to the appearance of H3K9me or HP1a at sat-
ellite DNA, consistent with our recent work using H3K9R
mutant Drosophila demonstrating that late replication
is not entirely dependent on H3K9me/HP1a at postem-
bryonic stages of development (Armstrong et al. 2018).
Thus, certain heterochromatin functions (e.g., transposon
repression) may require H3K9me/HP1a, whereas others
(e.g., late replication) may not.

The work of Seller et al. (2019) demonstrates how un-
derstanding chromatin assembly during early develop-
ment can provide a framework for addressing questions
regarding how genome compartmentalization into eu-
chromatin and heterochromatin promotes distinct tran-
scriptional programs that drive cell differentiation. With
this framework, we can perhaps better address long-stand-
ing unanswered questions, such as whether heterochro-
matin directly promotes differentiation of specific cell
lineages (Becker et al. 2017; Nicetto et al. 2019). While
the answers remain in the future, it is evident that we
are beginning to unravel how multivalent regulatory net-
works drive heterochromatin establishment, maturation,
and function.
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