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Chromatin state changes during neural
development revealed by in vivo cell-type specific
profiling
Owen J. Marshall 1,2 & Andrea H. Brand 1

A key question in developmental biology is how cellular differentiation is controlled during

development. While transitions between trithorax-group (TrxG) and polycomb-group (PcG)

chromatin states are vital for the differentiation of ES cells to multipotent stem cells, little is

known regarding the role of chromatin states during development of the brain. Here we show

that large-scale chromatin remodelling occurs during Drosophila neural development. We

demonstrate that the majority of genes activated during neuronal differentiation are silent in

neural stem cells (NSCs) and occupy black chromatin and a TrxG-repressive state. In neu-

rons, almost all key NSC genes are switched off via HP1-mediated repression. PcG-mediated

repression does not play a significant role in regulating these genes, but instead regulates

lineage-specific transcription factors that control spatial and temporal patterning in the brain.

Combined, our data suggest that forms of chromatin other than canonical PcG/TrxG tran-

sitions take over key roles during neural development.
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Neural development is a complex process that ultimately
accounts for all the diverse neuronal subtypes within the
adult brain. In Drosophila, the majority of neural stem

cells (type 1 NSCs) produce ganglion mother cells (or GMCs)
that divide once to generate a pair of neurons. Once born,
neurons undergo an immature growth phase during which
axons are guided to their correct targets; once axon growth is
complete and synaptic contacts established, neurons can be
considered to be mature. While much is known about neuronal
development, an understanding of the key chromatin transitions
that drive the process has been lacking. In particular, the
genome-wide changes in chromatin state through which large
numbers of previously-repressed neuronal genes are activated
following differentiation, and through which key NSC genes are
repressed, are unknown.

Chromatin has been modelled to different numbers of forms,
or states, which can ultimately be reduced to five broad cate-
gories1–5. Three of these—PcG, TrxG and HP1-asssociated
chromatin—have been studied in the context of differentiation
of ES cells to neural progenitor cells (NPCs)6–8 and PcG mod-
ifications have been specifically compared between cultured NPCs
and neurons9, 10. An overall picture of genes specifying cellular
fate being regulated by repressive PcG and active TrxG chromatin
has emerged11–13, with repressive PcG10 and HP1-associated
chromatin marks14, 15 subsequently spreading over inactive genes
in differentiated cells. However, in addition to these three broad
categories, two other forms of chromatin have been recently
identified in cultured cells: a permissive chromatin state that was
not associated with TrxG proteins and encompassed genes
involved in metabolism and housekeeping ('Yellow' chromatin in
ref. 4); and a silent 'Black' (or 'Quiescent' or 'Null') chromatin state
that lacked either common histone tail modification marks or
known histone-code reader or writer proteins4 (cf. state 9 in ref. 1

and states 40, 41 and 43 in ref. 5). The roles of these two new
forms of chromatin during development are unknown, and they
have not previously been studied in the context of development
or differentiation.

Here we use Targeted DamID to generate cell type-specific
chromatin maps of NSCs, GMCs and immature neurons, and
mature neurons within the Drosophila brain and observe large-
scale chromatin remodelling during Drosophila neural develop-
ment. Strikingly, genes involved in establishing NSC or neuronal
fate were not repressed by PcG chromatin. Instead, in NSCs they
were silent in either a Black chromatin state or a TrxG-repressive
state, while in neurons they were repressed via HP1-associated
chromatin. We found PcG chromatin to be associated specifically
with lineage-specific transcription factors that control the spatial
and temporal patterning of the brain.

Results
TaDa allows cell type-specific profiling of chromatin states. To
characterise chromatin states during neural development in vivo,
we used a technique developed in our lab, Targeted DamID (or
TaDa)16, which enabled us to determine the cell type-specific
DNA-binding profiles of a set of representative chromatin factors:
Brahma (a chromatin remodelling protein associated with
H2K27ac, and part of a major complex within TrxG chromatin)
17, HP1 (the H3K9me3 reader, representing HP1-associated
heterochromatin)18, 19, Polycomb (the H3K27me3 reader,
representing PcG chromatin)20, histone H1 (the linker histone,
enriched in all repressive chromatin)21 and the core subunit of
RNA Pol II (covering the majority of permissive, actively tran-
scribed chromatin, and allowing transcriptional profiling of each
cell type)16 (Fig. 1a). The genome-wide binding domains of these
proteins were determined in larval NSCs (~15,000 neural stem

cells per replicate, driving expression with worniu-GAL4), larval
GMCs and immature neurons (~60,000 cells per replicate using
GMR71C09-GAL4) and neurons in newly eclosed adults
(~3,000,000 neurons per replicate using elav-GAL4) (Fig. 1b).
Importantly, Targeted DamID enabled us to observe chromatin
changes as they occurred in vivo, in an intact living organism.

The DNA-binding profiles obtained (Fig. 1c, d; Supplementary
Fig. 2) illustrate the dynamic nature of chromatin transitions
during neural development. As expected, the genes encoding NSC
transcription factors such as deadpan (dpn) (Fig. 1c; an
orthologue of the mammalian HES gene family) moved from
transcriptionally active chromatin to repressive chromatin, as
evidenced by decreased binding of Brahma and Pol II and
increased binding of HP1 and histone H1. In contrast, neuronal
genes, such as the octopamine receptor gene Octbeta1R moved
from silent repressive chromatin to transcriptionally active
chromatin (Fig. 1d).

To obtain a genome-wide profile of chromatin states, we fitted
hidden markov models (HMMs) to the DNA-binding profiles,
fitting separate HMMs to all three data sets (Fig. 2a). Hierarchical
cluster analysis of scaled state means (Supplementary Fig. 1b) and
state transition probabilities (Supplementary Fig. 1a) allowed
fitted states to be compared between cell types and classified into
robust categories (Fig. 2a) that separated into distinct clusters
through PCA analysis (Fig. 2c). Importantly, we observed five
broad chromatin categories in this analysis that were very similar
to the five states found in cultured embryonic (Kc167) cells, as
previously described by Filion et al.4 (Supplementary Fig. 3;
Supplementary Table 2). Notably, 60% of Black chromatin
coverage was shared between the two data sets, suggesting that
we were able to faithfully detect this chromatin state in NSCs. In
addition to these five chromatin categories, however, we identified
two additional groups of states. Consistent with profiling a
population of diverse neuronal lineages, in all three data sets we
observed mixed states in which both active and repressive
proteins were present. These covered both the TrxG-associated
chromatin state ('TrxG mixed') and the PcG-associated chroma-
tin state ('PcG mixed') (Fig. 2a). In both NSCs and mature
neurons, we also observed a transcriptionally silent state that
contained significant levels of both Brm binding and the linker
histone H1, which we termed 'TrxG repressive' (Fig. 2a).

Determining a genome-wide classification of chromatin states
in each cell type enabled us to classify genes by their modal
chromatin state. Gene expression was calculated from RNA Pol II
occupancy16, with a clear separation apparent between permissive
and repressive states (Fig. 2b). We were then able to investigate
the chromatin state transitions occurring between NSCs, GMCs,
immature neurons and mature neurons in the adult. A
surprisingly high proportion (72.5%) of genes changed their
broad chromatin state configuration between the three cell types
studied, suggesting a large-scale remodelling of chromatin during
neuronal development (Supplementary Table 1).

Black and TrxG-repressive states silence neuronal genes. Dur-
ing neuronal differentiation, genes involved in axonogenesis (51
genes, Fig. 3b) and synaptic signalling (250 genes, Fig. 3b) are
activated. We found genes for axonal guidance and growth in the
TrxG-repressive state in NSCs and then in the TrxG active or
TrxG-mixed states in immature neurons (P< 10–6 for genes
involved in axonogenesis, Fig. 3b). Similarly, neurotransmitter
and receptor genes (P< 10–11 for signalling genes, Fig. 3b) and
genes for G-protein coupled receptor (GPCR) signalling (P<
10–34, Supplementary Fig. 5) were in the Black chromatin state
and then in a TrxG-mixed state. These genes were activated soon
after differentiation, with almost all genes in these categories
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Fig. 1 Profiling of in vivo chromatin states during Drosophila neural development. a Chromatin-associated proteins used in this study. Brm, HP1a and Pc are
illustrated alongside the histone H3 modifications that they, respectively, associate with, together with RNA Pol II (open, permissive chromatin) and
histone H1 (repressive chromatin). b GAL4 driver lines used in this study, and the cell types that they target. c, d Targeted DamID DNA-binding tracks for
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transitioning from repressive to active or mixed chromatin states
as immature neurons (Fig. 3b). Intriguingly, given the importance
of TrxG/PcG transitions in controlling the expression of genes in
other developmental systems12, a role for PcG-regulated chro-
matin was not immediately apparent for any of these categories of
neuronal genes. Indeed, of 1731 genes that were transcriptionally
activated as neurons differentiated, only 10 genes transitioned
from PcG chromatin.

In addition to the above, we also observed genes that
transitioned from the Black chromatin state to the non-TrxG
active state (Fig. 3a). Consistent with the previous observation
that the non-TrxG active (or 'Yellow') chromatin state corre-
sponds with metabolic and housekeeping genes4, this group was
enriched for genes regulating metabolic processes (P< 10–7 for
cellular metabolic process genes), as well as protein and vesicle
transport (P< 10–4 for protein transport; P = 0.02 for vesicle-
mediated transport).
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HP1 chromatin silences NSC identity genes in neurons. As
neuronal genes are switched on in neurons, genes that maintain
neural stem cell identity are repressed (Fig. 3c). These genes,
including dpn and E(spl)-HLHmγ (orthologues of the mammalian
HES genes), ase (orthologue of the ASCL genes) and the cell cycle
gene CycE, were present in active TrxG-associated chromatin in
neural stem cells. Given the importance of TrxG/PcG transitions
in other systems, we expected that these genes would also be
repressed by PcG-associated chromatin. However, in almost every
case neural stem cell fate genes were instead repressed by HP1-
associated chromatin (Fig. 3c), with the only exceptions being wor
(Supplementary Fig. 2a) and sna (orthologues of the mammalian
SNAI gene family). For some genes, the transition from TrxG-
associated chromatin to HP1-associated chromatin occurred
rapidly, being immediately repressed in immature neurons.
Another subset of genes showed a delayed transition, remaining
in a permissive TrxG-associated state in immature neurons and
only entering a repressive HP1 state in mature neurons. Only the
gene encoding tap (the neurogenin family orthologue)22, and an
adjacent lncRNA (CR45688) transitioned from TrxG active
chromatin to HP1-associated repression through a clear PcG
intermediate (Fig. 3c; Supplementary Fig. 2b). The repression of
key NSC genes via HP1-associated chromatin was concomitant
with a large increase in the proportion of the mapped genome
covered by this chromatin state (from 23Mb in NSCs to 41Mb in
mature neurons; Supplementary Fig. 4; Supplementary Tables 3,
4), consistent with previous observations of an increase in
H3K9me2,3 following differentiation of ES cells14, 15.

PcG chromatin controls lineage transcription factors. Given the
absence of any major transitions involving PcG chromatin during
neuronal differentiation, we sought to understand whether PcG-
repressive chromatin played a significant role in neuronal
development. In contrast to a previous study of mammalian
NPCs differentiated to neurons in culture10, we observed little
spreading of PcG domains during neuronal differentiation
in vivo. Indeed, the overall coverage of PcG-regulated domains
remained minor, only increasing from 8.7Mb in NSCs to 11.5 Mb
in mature neurons (Supplementary Fig. 4; Supplementary
Tables 3, 4). Importantly, however, our modelled chromatin
states distinguished two different forms of PcG-associated chro-
matin, mixed and repressive, in each cell type. Given the presence
of strong RNA Pol II occupancy as well as Brm binding in the
mixed PcG state, we reasoned that this state might represent a
mix of PcG repression and TrxG activation in cells of different
subtypes, rather than classic bivalent chromatin (which is silent
and not transcribed). Both states were strongly enriched for
transcription factors in each cell type analysed (Fig. 4a; Fisher’s
exact test, P< 10–17 for either PcG-associated state in each cell
type studied), and we focused on known transcription factors
present within these states for further analysis. Developmentally
important transcription factors that are not expressed in NSCs,
such as peb, scr, cad, sob, lab, tin and lz, were present in the PcG-
repressive state in NSCs. In contrast, in the PcG-mixed state we
found genes encoding transcription factors that regulate the
temporal transitions of the NSCs in the larval brain optic lobe
(hth, ey, Slp1 and tll)23, 24 and pattern the optic lobe (Optix25,
Vsx123).

The establishment and maintenance of different neuronal
subtypes is key to forming a functional nervous system. Our data
suggest that, rather than defining the difference in cell type
between NSCs and neurons, the role of PcG repression in neural
development is to regulate genes involved in establishing and
maintaining these specific neuronal lineages. To investigate this
hypothesis further, we took advantage of recently published

RNA-seq data from three isolated NSC lineages within the
Drosophila brain at an earlier developmental time point26. We
identified 46 differentially expressed transcription factors, and
plotted the chromatin state transitions occurring at the genes
encoding these factors. Of these, 31 (67%; Fisher’s exact test P<
10–31; Fig. 4b) were present in the PcG-mixed state, the only state
that was significantly enriched. Furthermore, these genes
remained in either a PcG-mixed or repressed state throughout
neural development (Fig. 4b). We suggest that other transcription
factors present in the PcG-mixed state (a further 67 transcription
factors; Supplementary Table 5) may play a similarly important
role in specifying neuronal lineages.

Discussion
Using Targeted DamID, we have compiled cell type-specific
DNA-binding maps of key chromatin proteins in NSCs and
neurons, and used these to investigate the chromatin transitions
that occur during neural development in the Drosophila brain.
Our data reveal unexpected roles for chromatin states in this
context.

The Black chromatin state—a silent state lacking PcG or HP1a
constituents—was identified in cultured embryonic Kc167 Dro-
sophila cells1, 4, but its role during development was previously
unknown. Our data clearly demonstrate the importance of this
form of chromatin and the novel TrxG-repressive state during
development in vivo, with both states covering the majority of
genes that are silent in NSCs but active in neurons. It is not yet
known whether Black chromatin is actively repressive and
requires chromatin remodelling to become active, or merely
passively silent, requiring only the binding of appropriate tran-
scription factors to activate transcription. Enrichment of the
linker histone H1 in this state would suggest that chromatin is
less accessible. Black chromatin in Drosophila and other organ-
isms has been reported also to contain varying levels of the
H3K27me2 mark, which may contribute to repression, and which
suggested a link to PcG-associated chromatin27, 28. Interestingly,
however, we observed very few transitions between Black and
PcG chromatin: between NSCs and immature neurons, <0.5 Mb
of DNA transitioned between Black and PcG states in either
direction (Supplementary Table 3) and the PcG-associated states
separated strongly from Black chromatin in our models. If Black
chromatin does contain H3K27me2 in the brain, there would
appear to be little conversion between H3K27me2 and
H3K27me3 during neural development.

In addition to many genes that transitioned from Black chro-
matin in NSCs to an active TrxG state in neurons, we observed a
subset of genes that transitioned between Black and non-TrxG
active chromatin. These genes were strongly enriched for those
encoding metabolic function (in accordance with previous reports
of housekeeping and metabolism genes being associated with the
non-TrxG active state)2, 4 and were activated without the pre-
sence of Brm. These transitions may be similar to those recently
described in nematodes and Drosophila imaginal discs for the
activation of developmentally regulated genes without TrxG-
associated chromatin marks29.

The TrxG-repressive state we describe here is intriguing. This
state is enriched for Brm binding in transcriptionally silent
chromatin, and covers a large number of neuronal genes in NSCs.
PcG-independent repression via the REST complex in ES cells has
been reported to be associated with neuronal genes30. These genes
were found to be present in a poised state that included the TrxG-
associated H3K4me3 mark, a situation very similar to the TrxG-
repressive state that we observe.

In neural development, we observe little role for PcG repres-
sion in controlling broad cell fate, but instead a role in specifying
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different neuronal lineages. Specific PcG repression/TrxG acti-
vation has previously been described for lineage-specific tran-
scription factors within the mushroom body of the brain31. A
mixed PcG chromatin state has also been previously associated
with spatially compartmentalised transcription factors in ChIPseq
of whole wing discs32, although that study was not cell type-
specific. This last study speculated that such a mixed state might
be indicative of bivalent chromatin in Drosophila.32 However,
both this study and our own found concomitant occupancy of
RNA Pol II on gene bodies in the PcG-mixed state, an observa-
tion at odds with silent bivalent chromatin. Combined with a
significantly enriched association with lineage-specific transcrip-
tion factors from existing RNA-seq data and immunofluorescence
studies, our data suggest that this chromatin state is a genuine
mixture between PcG repression in some lineages and TrxG
activation in other lineages. We see no evidence in our data sets of
true bivalent chromatin as reported in ES cells (strong binding of
both PcG and TrxG components with no transcription).

In conclusion, our data present a picture of neural develop-
ment that differs from that observed during the differentiation of
ES cells in culture. Although lineage-specific transcription factors
that generate neuronal diversity are regulated through PcG
repression, the majority of genes activated in neurons follow
different chromatin transitions. These genes are present in the
silent Black chromatin state and a novel TrxG-repressive chro-
matin state in NSCs and transition to a TrxG permissive chro-
matin state in immature neurons. Furthermore, we demonstrate
that almost all NSC identity and cell cycle genes are repressed in
HP1-associated chromatin in neurons, and that this repression

occurs concomitantly with a wide-scale accumulation of HP1-
associated binding across the genome. Although canonical PcG/
TrxG transitions are vital during early development, our data
suggest that other forms of chromatin take over important reg-
ulatory roles during neural development.

Methods
Expression constructs. Details and sequences of all primers used for generating
constructs are shown in Supplemental Experimental Procedures. pUAST-attB-LT3
constructs for Brm, Pc, HP1a and H1 were generated by PCR amplifying the
coding sequence of each chromatin factor from an embryonic cDNA library with
Gibson Assembly adaptor sequences. Primers were designed using PerlPrimer33;
see Supplementary Table 6 for primer details. The pUAST-attB-LT3-NDam vec-
tor16 was cut with BglII (NEB), treated with Antarctic phosphatase (NEB), and
inserts and cut vector were assembled using the Gibson assembly method34. All
vectors were sequenced before being used in germline transformation.

Drosophila lines and germline transformation. GAL4 driver lines were wor-
GAL435 for neural stem cells, GMR71C09-GAL436 for immature neurons and w;+;
elav-GAL437 for mature neurons. All driver lines were crossed with tub-GAL80ts on
either chromosome 2 or 3 to generate w;wor-GAL4;tub-GAL80ts, w;tub-GAL80ts;
GMR71C09-GAL4, and w;tub-GAL80ts;elav-GAL4 lines, respectively, for use in
Targeted DamID crosses. All drivers were tested for correct cell type-specific
expression by crossing to w;+;UAS-mCD8::GFP and observing the expression
pattern via confocal microscopy under the same conditions as the Targeted DamID
sample collections (detailed below).

UAS-LT3-Dam-Pc and UAS-LT3-Dam-HP1a flies were generated via injection
of w;+;P{CaryP}attP2 embryos with the respective plasmids together with a phiC31
integrase helper plasmid pBS130 as an integrase source; UAS-LT3-Dam-Brm and
UAS-LT3-Dam-H1 were generated via injection of y1sc1v1P{nos-phiC31/int.NLS}X;
+;P{CaryP}attP2. UAS-LT3-NDam and UAS-LT3-NDam-RpII215 were used as
previously described16.
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Targeted DamID. Targeted DamID was performed as previously described16, 38, 39

with the following modifications. Briefly, for NSC and immature neuronal data
sets, flies were allowed to lay on apple juice plates with yeast for 4 h at 25 °C, before
transferring plates to 18 °C for 2 days. About 100 larvae from each plate were
transferred to food plates and grown at 18 °C for a further 5 days, before shifting to
the restrictive temperature of 29 °C. For the NSC data set, expression of the Tar-
geted DamID fusion proteins was induced for 16 h, and 30 brains were dissected
per sample per replicate. For the immature data set, expression of the DamID
fusion proteins was induced for 24 h and 30 ventral nerve cords were dissected per
sample per replicate.

For the mature neuronal data set, flies were allowed to lay at 18 °C for 24 h in
food vials. Vials were then kept at 18 °C until eclosion, whereupon the newly
eclosed adults were transferred to fresh food vials and grown for a further day at 18
°C. The vials were then shifted to 29 °C for either 24 h (two replicates) or 48 h (two
replicates). Following induction, flies were frozen in 14 mL tubes cooled in dry ice.
Frozen flies were vortexed and body parts sieved to separate the heads as previously
described40 using mesh sizes of 710, 425 and 150 µm.

Following tissue isolation, genomic DNA was isolated via DNA micro kits
(Qiagen) and digested with DpnI (NEB), before cut DNA was obtained with a PCR
purification kit (Qiagen). PCR adaptors were ligated to the cut DNA, before
digestion with DpnII (NEB) and PCR amplification (Clontech Advantage cDNA
polymerase).

Next-generation sequencing and data processing. Following the DamID pro-
cedure, samples were sonicated in a Bioruptor Plus (Diagenode) to reduce the
average DNA fragment size to 300 bp, and DamID adaptors were removed via
either overnight Sau3AI or AlwI digestion. The resulting DNA was purified via
magnetic bead clean up using Seramag beads41 in 20% (w/v) PEG-8000, and 500 ng
of DNA was processed for Illumina Sequencing as previously described38, 39.
Briefly, DNA fragments were end repaired, A-tailed and ligated with Illumina
TruSeq adaptors, cleaned twice with Seramag beads, enriched via six rounds of
PCR before a final cleanup with Seramag beads. About 50 bp single-end reads were
obtained via either a HiSeq 2500 (Illumina) or HiSeq 1500 (Illumina). Libraries
were multiplexed such as to yield at least 20 million mapped reads per sample.

NGS reads in FASTQ format were aligned using the damidseq_pipeline
software39 using default options for all data sets except for histone H1. For histone
H1, samples were normalised using reads per million (RPM) values owing to the
low correlation between Dam- and H1-Dam-binding profiles. The resulting gatc.
bedgraph data set replicates were compared via Pearson’s correlation and replicates
averaged. The mean correlation between replicates was 0.90, with the minimum
correlation being 0.81. To allow comparisons between different conditions,
averaged data sets were scaled by dividing each data set by its standard deviation.
Data sets were visualised using IGV42.

Chromatin state modelling. Processed data from the damidseq_pipeline software
in gatc.gff format for the five chromatin proxy proteins was merged, sorted by
chromosome and location, and a Gaussian HMM resolved using the RHmm R
package (using 2000 random starts and 5–15 iterations per start). Each HMM was
fitted for 20 states in order to detect the presence of mixed states within the data;
Bayesian information criterion (BIC) was calculated from models fitted from 5 to
20 states for each data set to ensure that the HMMs were not over-fitted. A Viterbi
path was then generated from the best fitting model and the original data using the
RHmm R package. Each cell type was modelled separately to allow for the possi-
bility that not all chromatin states would be shared between cell types.

Chromatin states were then assigned broad chromatin classes with reference to
hclust clustering of state means and HMM state transition probabilities. States with
similar mean protein binding and a high shared transition probability were
considered to be related and were merged. A simplified Viterbi path was generated
from these merged states, and used for subsequent analysis.

To generate the PCA plot in Fig. 2c, the three separate scaled chromatin DamID
data sets (NSC, immature neurons, mature neurons) were combined to give a data
set of 1.15 × 106 GATC fragments, each with the binding of the five chromatin
proteins. PCA was performed using the prcomp function in R, and a plot generated
from the first two principle components. Each point was coloured using the
assigned chromatin state from the simplified Viterbi paths.

Genes were assigned chromatin states based on the modal state. To allow for the
large number of short gene bodies in the Drosophila genome and the GATC
resolution of the data, the modal state was assigned as the state occupying the
plurality of each gene body ±250 bp.

Chromatin state transition graphs were generated in R using the transitionPlot
function from the Gmisc R package (http://gforge.se/). Genes encoding
transcription factors were determined via a previously published list of all predicted
and annotated Drosophila transcription factors43. All gene ontogeny analysis was
carried out using the InterMine perl API44. Lists of all genes annotated with a GO
term and associated child terms were obtained from the EBI QuickGO site (http://
www.ebi.ac.uk/QuickGO/).

All P-values listed in the text are Holm–Bonferroni corrected.

Neuroblast RNA-seq data analysis. Previously published data for RNA-seq of
different larval NSC lineages26 was obtained from GSE71104. Transcription levels
in transcripts per million (TPM) were filtered for replicates, where (mean)/(stan-
dard deviation) <1 and replicates were averaged. Genes were assigned as differ-
entially transcribed if the TPM was both >10 in one lineage and <5 in one lineage.
All transcription factors within this group, which were also expressed with FDR<
0.01 in at least one data set described in this study, were considered for chromatin
state analysis.

Other bioinformatics analyses. Gene calls from RNA Pol II DamID-seq data
were performed on averaged data sets as previously described16, 39 using the polii.
gene.call R script with default parameters.

All other analyses were performed using R (www.r-project.org).

Code availability. R scripts for the complete data analysis pipeline are open source
and freely available at https://github.com/AHBrand-Lab.

Data availability. The raw and processed data that support the findings of this
study have been deposited in the Gene Expression Omnibus (GEO) repository with
accession number GSE77860. Requests for reagents should be addressed to the
corresponding author.

Received: 25 February 2017 Accepted: 23 November 2017

References
1. Kharchenko, P. V. et al. Comprehensive analysis of the chromatin landscape in

Drosophila melanogaster. Nature 471, 480–485 (2011).
2. van Bemmel, J. G. et al. A network model of the molecular organization of

chromatin in Drosophila. Mol. Cell 49, 759–771 (2013).
3. Sexton, T. et al. Three-dimensional folding and functional organization

principles of the Drosophila genome. Cell 148, 458–472 (2012).
4. Filion, G. J. et al. Systematic protein location mapping reveals five principal

chromatin types in Drosophila cells. Cell 143, 212–224 (2010).
5. Ernst, J. & Kellis, M. Discovery and characterization of chromatin states for

systematic annotation of the human genome. Nat. Biotechnol. 28, 817–825
(2010).

6. Mikkelsen, T. S. et al. Genome-wide maps of chromatin state in pluripotent and
lineage-committed cells. Nature 448, 553–560 (2007).

7. Dixon, J. R. et al. Chromatin architecture reorganization during stem cell
differentiation. Nature 518, 331–336 (2015).

8. Ziller, M. J. et al. Dissecting neural differentiation regulatory networks through
epigenetic footprinting. Nature 518, 355–359 (2014).

9. Bracken, A. P., Dietrich, N., Pasini, D., Hansen, K. H. & Helin, K. Roles in cell
fate transitions genome-wide mapping of Polycomb target genes unravels their
roles in cell fate transitions. Genes Dev. 20, 1123–1136 (2006).

10. Zhu, J. et al. Genome-wide chromatin state transitions associated with
developmental and environmental cues. Cell 152, 642–654 (2013).

11. Rugg-Gunn, P. J., Cox, B. J., Ralston, A. & Rossant, J. Distinct histone
modifications in stem cell lines and tissue lineages from the early mouse
embryo. Proc. Natl Acad. Sci. USA 107, 10783–10790 (2010).

12. Lien, W.-H. et al. Genome-wide maps of histone modifications unwind in vivo
chromatin states of the hair follicle lineage. Cell Stem Cell 9, 219–232 (2011).

13. Bernstein, B. E. et al. A bivalent chromatin structure marks key developmental
genes in embryonic stem cells. Cell 125, 315–326 (2006).

14. Hawkins, R. D. et al. Distinct epigenomic landscapes of pluripotent and lineage-
committed human cells. Cell Stem Cell 6, 479–491 (2010).

15. Wen, B., Wu, H., Shinkai, Y., Irizarry, R. A. & Feinberg, A. P. Large histone H3
lysine 9 dimethylated chromatin blocks distinguish differentiated from
embryonic stem cells. Nat. Genet. 41, 246–250 (2009).

16. Southall, T. D. et al. Cell-type-specific profiling of gene expression and
chromatin binding without cell isolation: assaying RNA Pol II occupancy in
neural stem cells. Dev. Cell 26, 101–112 (2013).

17. Armstrong, J. A. et al. The Drosophila BRM complex facilitates global
transcription by RNA polymerase II. EMBO J. 21, 5245–5254 (2002).

18. Wit, E., de, Greil, F. & Steensel, Bvan . High-resolution mapping reveals links of
HP1 with active and inactive chromatin components. PLoS Genet. 3, e38
(2007).

19. Greil, F. et al. Distinct HP1 and Su(var)3-9 complexes bind to sets of
developmentally coexpressed genes depending on chromosomal location. Genes
Dev. 17, 2825–2838 (2003).

20. Shao, Z. et al. Stabilization of chromatin structure by PRC1, a Polycomb
complex. Cell 98, 37–46 (1999).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02385-4

8 NATURE COMMUNICATIONS |8:  2271 |DOI: 10.1038/s41467-017-02385-4 |www.nature.com/naturecommunications

http://gforge.se/
http://www.ebi.ac.uk/QuickGO/
http://www.ebi.ac.uk/QuickGO/
http://www.r-project.org
https://github.com/AHBrand-Lab
www.nature.com/naturecommunications


21. Holmgren, P., Johansson, T., Lambertsson, A. & Rasmuson, B. Content of
histone H1 and histone phosphorylation in relation to the higher order
structures of chromatin in Drosophila. Chromosoma 93, 123–131 (1985).

22. Gautier, P., Ledent, V., Massaer, M., Dambly-Chaudière, C. & Ghysen, A. tap, a
Drosophila bHLH gene expressed in chemosensory organs. Gene 191, 15–21
(1997).

23. Li, X. et al. Temporal patterning of Drosophila medulla neuroblasts controls
neural fates. Nature 498, 456–462 (2013).

24. Suzuki, T., Kaido, M., Takayama, R. & Sato, M. A temporal mechanism that
produces neuronal diversity in the Drosophila visual center. Dev. Biol. 380,
12–24 (2013).

25. Gold, K. S. & Brand, A. H. Optix defines a neuroepithelial compartment in the
optic lobe of the Drosophila brain. Neural Dev. 9, 1–16 (2014).

26. Yang, C.-P. et al. Transcriptomes of lineage-specific Drosophila neuroblasts
profiled via genetic targeting and robotic sorting. Development 143, 411–421
(2015).

27. Ferrari, K. J. et al. Polycomb-dependent H3K27me1 and H3K27me2 regulate
active transcription and enhancer fidelity. Mol. Cell 53, 49–62 (2014).

28. Lee, H. G., Kahn, T. G., Simcox, A., Schwartz, Y. B. & Pirrotta, V. Genome-wide
activities of Polycomb complexes control pervasive transcription. Genome Res.
25, 1170–1181 (2015).

29. Pérez-Lluch, S. et al. Absence of canonical marks of active chromatin in
developmentally regulated genes. Nat. Genet. 47, 1158–1167 (2015).

30 McGann, J. C. et al. Polycomb- and REST-associated histone deacetylases are
independent pathways toward a mature neuronal phenotype. Elife 3, e04235
(2014).

31 Henry, G. L., Davis, F. P., Picard, S. & Eddy, S. R. Cell type-specific genomics of
Drosophila neurons. Nucleic Acids Res. 40, 9691–9704 (2012).

32 Schertel, C. et al. A large-scale, in vivo transcription factor screen defines
bivalent chromatin as a key property of regulatory factors mediating Drosophila
wing development. Genome Res. 25, 514–523 (2015).

33 Marshall, O. J. PerlPrimer: cross-platform, graphical primer design for standard,
bisulphite and real-time PCR. Bioinformatics 20, 2471–2472 (2004).

34 Gibson, D. G. et al. Enzymatic assembly of DNA molecules up to several
hundred kilobases. Nat. Methods 6, 343–345 (2009).

35 Albertson, R., Chabu, C., Sheehan, A. & Doe, C. Q. Scribble protein domain
mapping reveals a multistep localization mechanism and domains necessary for
establishing cortical polarity. J. Cell. Sci. 117, 6061–6070 (2004).

36 Li, H. H. et al. A GAL4 driver resource for developmental and behavioral studies
on the larval CNS of Drosophila. Cell Rep. 8, 897–908 (2014).

37 Luo, L., Liao, Y. J., Jan, L. Y. & Jan, Y. N. Distinct morphogenetic functions of
similar small GTPases: Drosophila Drac1 is involved in axonal outgrowth and
myoblast fusion. Genes Dev. 8, 1787–1802 (1994).

38 Marshall, O. J., Southall, T. D., Cheetham, S. W. & Brand, A. H. Cell-type-
specific profiling of protein–DNA interactions without cell isolation using
targeted DamID with next-generation sequencing. Nat. Protoc. 11, 1586–1598
(2016).

39 Marshall, O. J. & Brand, A. H. damidseq_pipeline: an automated pipeline for
processing DamID sequencing datasets. Bioinformatics 31, 3371–3373 (2015).

40 Oliver, D. V. & Phillips, J. P. Fruit fly fractionation. Drosoph. Inform. Serv. 45,
58 (1970).

41 Rohland, N. & Reich, D. Cost-effective, high-throughput DNA sequencing
libraries for multiplexed target capture. Genome Res. 22, 939–946 (2012).

42 Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24–26
(2011).

43 Hens, K. et al. Automated protein-DNA interaction screening of Drosophila
regulatory elements. Nat. Methods 8, 1065–1070 (2011).

44 Smith, R. N. et al. InterMine: a flexible data warehouse system for the
integration and analysis of heterogeneous biological data. Bioinformatics 28,
3163–3165 (2012).

Acknowledgements
We thank Bas van Steensel, Janina Ander, Elizabeth Caygill, Seth Cheetham, Robert
Krautz, Leo Otsuki and Jelle van den Ameele for helpful discussions and/or comments on
the manuscript. This work was funded by Wellcome Trust Senior Investigator Award
(103792), Wellcome Trust Programme Grant (092545) and BBSRC Project Grant (BB/
L00786X/1) to A.H.B. O.J.M. was supported by an EMBO long-term fellowship (ALTF
423-2011). A.H.B. acknowledges core funding to the Gurdon Institute from the Well-
come Trust (092096) and CRUK (C6946/A14492).

Author contributions
O.J.M. and A.H.B. designed the research; O.J.M. performed the experiments and
bioinformatics analysis; O.J.M. and A.H.B. analysed the data and wrote the paper.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
017-02385-4.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-02385-4 ARTICLE

NATURE COMMUNICATIONS |8:  2271 |DOI: 10.1038/s41467-017-02385-4 |www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-017-02385-4
https://doi.org/10.1038/s41467-017-02385-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Chromatin state changes during neural development revealed by in�vivo cell-type specific profiling
	Results
	TaDa allows cell type-specific profiling of chromatin states
	Black and TrxG-repressive states silence neuronal genes
	HP1 chromatin silences NSC identity genes in neurons
	PcG chromatin controls lineage transcription factors

	Discussion
	Methods
	Expression constructs
	Drosophila lines and germline transformation
	Targeted DamID
	Next-generation sequencing and data processing
	Chromatin state modelling
	Neuroblast RNA-seq data analysis
	Other bioinformatics analyses
	Code availability
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




