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Figure 6. Genome-wide comparison of active versus silenced chromatin in octopaminergic and Kenyon cells. (A) Scatterplot: Each point represents
the intensity of H3K27ac modification over a 10kb window (5kb increments) in the genome, as measured in octopaminergic (x-axis) and Kenyon cell
(y-axis) populations. The points are colored to reflect the cell type with higher levels of modification (blue = octopaminergic cells; orange = Kenyon
cells). The distribution of differential modification in each genomic window is shown in a histogram colored on the same scale, with each numeric
label denoting the number of windows represented in each bar. The larger image represents the intensity of differential modification across all
windows in the genome, colored on the same scale and organized into a Hilbert curve. A Hilbert curve is a self-similar, or fractal, curve that
essentially folds a line representing the genome sequence onto itself and packs it into a two-dimensional image. Coloring this folded line according to
a genomic signal, such as histone modification, offers a convenient way of visualizing genome-wide data (26). The curve begins at the top left corner
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We chose a 10kb window to identify broad patterns, as
H3K27me3 has been shown to mark the genome in broad
domains of tens to hundred kilobases (61). H3K27ac can
also mark the genome in broad domains, although it is also
enriched at active promoters (61). The majority of genomic
windows were similarly modified in the two cell populations
(Figure 6A and B, top right). To provide a genome-wide
view of the differential modification, we projected the data
onto a Hilbert curve (Figure 6A and B, bottom). The Hilbert
curve representation essentially folds the entire genome
onto itself in a self-similar, or fractal, manner that fits into
a two-dimensional image where neighboring pixels are typ-
ically also close in genomic sequence. Coloring this curve
according to a genomic signal, such as differential modifi-
cation, enables one to visualize its genome-wide spatial dis-
tribution in a compact manner. It is clear from these plots
that differences in histone modifications between the two
cell types occur in broad domains rather than individual
windows (Figure 6A and B, bottom). As expected, the dif-
ferential H3K27me3 modification occurs in broader
domains than H3K27ac (57,61). We next asked how often
a stronger H3K27ac signal in one cell type accompanies a
stronger H3K27me3 signal in the other cell type. To address
this issue, we calculated a correlation score between the dif-
ferential H3K27ac and H3K27me3 modification levels
measured in each genomic window (Figure 6C, top).
Projecting this score onto a Hilbert curve indicates only a
few discrete loci in the genome with strongly opposing dif-
ferential H3K27me3 and H3K27ac signals in octo-
paminergic neurons versus Kenyon cells. These regions
cover roughly 700 kb of the genome and contain 16 genes,
including 10 that are significantly differentially expressed,
such as the mushroom body regulators (dac, toy, ey) and the
vesicular transporter for octopamine (Vmat) (Figure 6C,
bottom). Performing this series of analyses at a lkb
window scale does not significantly change the results. As
expected, the Hilbert images become more punctate and the
colors more intense; however, the distributions of histone
modification levels and the broad domains of differential
modification remain similar.

We then returned to the list of differentially expressed
genes (Figure 3F) and ordered them by the anti-
correlation of their differential H3K27me3 and
H3K27ac signals (Figure 6D). We found, as we previously
observed (Figure 5A), that many of the anti-correlated
genes were transcription factors. In the case of the
Kenyon cell population, four factors known to play a
role in mushroom body development were highly ranked
by this analysis (ey, toy, dac, Hr51) (48,62). Similarly, the
two most anti-correlated loci in octopaminergic cells were
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CG4328, a homeobox transcription factor, and dmrt99b, a
doublesex-related transcription factor.

DISCUSSION

Our version of the INTACT method enables both the iso-
lation of specific neuronal cell types in Drosophila and
their characterization by RNA-seq, ChIP-seq and other
systematic genomic methods. Expression of our
UAS-nuclear tag cassettes can be driven by any GAL4
line, such as those described in large systematic collections
of drivers that have been screened for specific neuronal
expression patterns (12). We showed that we can isolate
tagged nuclei in high yields (~50%) at high purity (~99%)
from sparse lines where a few 100 neurons (7dc2) are
tagged per brain. Because the purification protocol starts
from frozen adult flies, we can amass many thousands of
frozen animals, if necessary to obtain sufficient numbers
of cells, either from a sparsely expressing line or for a
genomic analysis that requires a large amount of input
material (such as ChIP-seq). An additional advantage of
starting with frozen flies is that in cases where the expres-
sion of a GAL4 driver is only characterized at the level of
the brain (12), exogenous expression in the thora-
cicoabdominal region of the body can be ignored
because the heads of frozen flies can be isolated by
passing dissociated bodies over cooled sieves. We expect
that the protocol will work on lines that are sparser
than Tdc2, but the exact limit of sensitivity is unknown
at this time.

The most immediate application we envision for this
technology is the generation of cell type—specific gene ex-
pression profiles of specific Drosophila neuronal cell types
by INTACT/RNA-seq. High resolution anatomical de-
scriptions of specific cell types in neuronal circuits has
been made possible by the systematic identification of
cell type—specific GAL4 lines (12), which can be used to
drive the expression of a nuclear tag, thus enabling the
generation of cell type—specific profiles. This will allow
the systematic characterization of the neurotransmitters,
receptors, peptides and transcription factors expressed by
the individual neurons that populate a neuronal circuit.
Our data show that such gene expression profiles can be
obtained by either RNA-seq or ChIP-seq, but RNA-seq
gives better signal/noise and requires less input material
(10>-10* nuclei for RNA-seq versus 10°-10° nuclei for
ChlIP-seq).

An advantage of isolating nuclei (either by INTACT or
other sorting approaches) is that one can apply
high-throughput genomic characterization protocols to
isolated nuclei, beyond just transcriptional profiling. Our

Figure 6. Continued

of the image, with the first window of chromosome 2L, and winds counter-clockwise in an intricate pattern that ends in the top right corner with the
last window of chromosome X. (B) A similar representation as (A) depicts the repressive H3K27me3 modification in the two cell populations. (C) A
comparison of the levels of differential H3K27ac and H3K27me3 modification as measured in panels (A) and (B). The colors range from purple in
windows with anti-correlated modifications (i.e. strong acetylation in one cell population and strong trimethylation in the other) to green in windows
with strongly correlated modifications (more acetylation as well as trimethylation in the same population). The genes that fall under the most
anti-correlated (dZ > 1.5) loci are labeled below the Hilbert curve. The numbers of RNA-seq reads aligning to Vmat and the nested CG13331 gene in
the octopaminergic population were so high that CUFFLINKS (20) was unable to reliably estimate expression levels and instead reported a
‘HIDATA’ signal. (D) Ranking the differentially expressed genes by the strength of this anti-correlation score enriches for transcription factors,
including those known to regulate mushroom body development (ey, toy, dac, Hr51).
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experiments demonstrate the reliability and feasibility of
chromatin profiling by INTACT/ChIP-seq, and we also
expect to be able to apply a variety of other methods,
such as DNAse-seq, Gro-seq, Nascent-seq, Hi-C and
ChIA-PET (43,63—66). We therefore expect to gain
access not only to gene expression profiles but also to
the transcriptional regulatory networks that are necessary
for driving the expression profile. Such information has
proven critical to the study of the mechanisms that
control neuronal identity. For example, in the worm C.
elegans, excellent progress has been made in the identifica-
tion of terminal selector transcription factors, which
maintain the identity of differentiated neurons (67-69).
These factors were identified by first generating a list of
genes specifically expressed in the neuron of interest (a
gene battery), followed by a thorough experimental
analysis to identify regulatory regions and binding sites
around the loci of members of the gene battery. By
enabling comprehensive application of the same basic
idea, we expect that INTACT should facilitate such
efforts in Drosophila neurons.

When we compared the chromatin profiles of Kenyon
cells (OK107) with octopaminergic neurons (7dc2), we
fortuitously noticed a pattern that suggests a means of
screening for key transcription factors that are involved
in either the establishment or maintenance of neuronal
identity. PcG-mediated trimethylation of histone H3 on
lysine 27 has been implicated in the regulation of tran-
scription factors that are known to play an important
role in development (70,71), and we observed selective
PcG-silencing of transcription factors in differentiated
neurons. In fact, some of these loci show a strongly
anti-correlated H3K27me3 and H3K27ac signal in
octopaminergic neurons (7dc2) and Kenyon cells
(OK107). We imagine that key transcription factors, po-
tentially capable of altering cell fate, must be silenced in
cell types where they should be off, and thus they are
targeted with an additional layer of repression
(PcG-mediated). We hypothesized that we can enrich for
these factors by identifying loci that show expression
(measured by RNA-seq) and H3K27ac marking in one
cell type along with an anti-correlated lack of expression
and PcG-mediated silencing in the other cell type. When
we do this for Kenyon cells, a small set of transcription
factors are identified, including ey, dac, toy and Hr51, all
of which are known to play a role in the development of
the mushroom body (48,62). When we do the reverse com-
parison for octopaminergic neurons, where much less is
known about their transcriptional program, we identify a
different set of genes including the presumptive transcrip-
tion factors dmrt99B, fd59A, Fer2 and CG4328. Consistent
with the hypothesis that these factors play a role in the
specification of octopaminergic neurons, all four are ex-
pressed on the embryonic midline (72,73), from which the
octopaminergic cell population arises (74). It is not
uncommon for the same transcriptional regulatory
network to play a role both in the early development
and adult maintenance of a neuronal cell type as has
been described for Tv neuropeptidergic cells (75). A role
for PcG-silencing in the specification of cell types, in

particular specific subsets of neurons, has been suggested
by others (76-80).

Our PcG-silencing data can also be used to characterize
the heterogeneity of a population of neurons. In bulk
neuronal nuclei (57C10), we see many genetic loci that
show signatures of being both active and repressed
(active: RNA-seq, H3K4me3, H3K27ac; repressed:
H3K27me3). A simple explanation, which has been previ-
ously observed in other systems (81), is that the bulk
population is a mixture composed of expressing and
non-expressing/repressed cells. For example, in bulk
neuronal nuclei (57C10) the ey locus appears to be
active and repressed because the gene is known to be ex-
pressed in a specific group of cells in the adult brain (82).
In the Kenyon cell population (OK107) where ey is
broadly expressed, the locus is active and lacks repression,
which is consistent with the OK107-GAL4 line being an
enhancer trap near the ey locus (31).

A major limitation of INTACT involves its application to
sparsely tagged lines (1-10 neurons) or to cell types found at
earlier stages of development where freezing the animals is
not possible (larval stages of development). For example,
some of the downstream genomic protocols, such as
ChIP-seq, typically require 10°-10° cells. We expect this
barrier to drop as more sophisticated methodologies for
amplification are interfaced with the technique. For
example, a method has been described that allows ChIP-
seq to be performed on 10° cells (83). Another solution for
the isolation of nuclei from sparsely tagged lines might
involve the generation of a second generation of tags that
have increased antigenicity or that enable two-step purifica-
tion procedures similar to those used in proteomic assays
that rely on tandem affinity purification (84).
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