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ABSTRACT It has been suggested that transcription factor binding is temporally dynamic, and that changes in binding determine
transcriptional output. Nonetheless, this model is based on relatively few examples in which transcription factor binding has been
assayed at multiple developmental stages. The essential transcription factor Grainy head (Grh) is conserved from fungi to humans, and
controls epithelial development and barrier formation in numerous tissues. Drosophila melanogaster, which possess a single grainy
head (grh) gene, provide an excellent system to study this conserved factor. To determine whether temporally distinct binding events
allow Grh to control cell fate specification in different tissue types, we used a combination of ChIP-seq and RNA-seq to elucidate the
gene regulatory network controlled by Grh during four stages of embryonic development (spanning stages 5-17) and in larval tissue.
Contrary to expectations, we discovered that Grh remains bound to at least 1146 genomic loci over days of development. In contrast to
this stable DNA occupancy, the subset of genes whose expression is regulated by Grh varies. Grh transitions from functioning primarily
as a transcriptional repressor early in development to functioning predominantly as an activator later. Our data reveal that Grh binds to
target genes well before the Grh-dependent transcriptional program commences, suggesting it sets the stage for subsequent re-

cruitment of additional factors that execute stage-specific Grh functions.
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O understand how developmental processes are con-

trolled, and how, when perturbed, they can lead to dis-
ease, it is crucial to determine the mechanisms by which
transcription factors interact with the DNA to regulate gene
expression. Broadly expressed transcription factors can reg-
ulate multiple, distinct developmental processes, but whether
they do so through context-specific DNA-binding events, or
through activities subsequent to DNA binding, remains an
open question. Based on the relatively limited number of
studies that have elucidated transcription factor binding over
multiple stages of development, it has been suggested that
functional binding events are temporally dynamic (Jakobsen
et al. 2007; Zinzen et al. 2009; Wilczynski and Furlong 2010;
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Spitz and Furlong 2012; Yanez-Cuna et al. 2012; Slattery
et al. 2013, 2014). These changes in binding site occupancy
by sequence-specific transcription factors are regulated
largely through alterations in chromatin structure that mod-
ulate the accessible regions of the genome (Kaplan et al.
2011; Li et al. 2011). Nonetheless, factors that act at the
top of gene regulatory networks may have pioneering activ-
ity, marking cis-regulatory regions, and remaining bound to
DNA in multiple developmental contexts (Spitz and Furlong
2012; Iwafuchi-Doi and Zaret 2014; Slattery et al. 2014). To
begin to explore the mechanisms by which widely expressed
transcription factors can regulate a variety of developmental
processes, we focused on the deeply conserved transcription
factor Grainy head (Grh), which is a master regulator of ep-
ithelial cell fate.

Epithelial tissues are sheets of tightly bound cells that
contribute to multiple structures in adult and developing
organisms, including the epidermis and lining of the digestive
tract, blood vessels, lungs, and ducts. The Grh-family of
proteins is an essential regulator of epithelial morphogenesis
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in metazoans ranging from worms to humans (Wang and
Samakovlis 2012). There are three Grh family members in
mammals, GRHL1, GRHL2 and GRHL3, which are necessary
for neural tube closure during normal vertebrate develop-
ment, and for wound healing following injury (Ting et al.
2005a,b; Gustavsson et al. 2008; Rifat et al. 2010). In
Drosophila melanogaster, where Grh was first identified, the
Grh family is represented by a single grh gene (Bray et al.
1988, 1989; Bray and Kafatos 1991). Similarly to its mam-
malian homologs, the grh gene in Drosophila is essential for
embryonic development and wound healing (Bray and
Kafatos 1991; Mace et al. 2005). Further highlighting the vast
degree of conservation among Grh-family members, Grh pro-
teins from worms to flies to humans bind to a shared se-
quence motif through a DNA-binding domain that is unique
to the related Grh and CP2 protein families (Venkatesan et al.
2003). In Drosophila, Grh has been implicated in a large
number of processes in addition to wound healing, including
tracheal tube formation and neural stem cell differentiation
(Hemphala et al. 2003; Cenci and Gould 2005; Narasimha
et al. 2008; Baumgardt et al. 2009). For most of these
processes, however, the direct transcriptional targets of Grh
remain unknown. Thus, Drosophila Grh provides a powerful
system from which to elucidate whether a broadly expressed,
master regulator of differentiation influences a large number
of diverse processes through temporally dynamic DNA bind-
ing, or through a regulated activity subsequent to DNA
binding.

By focusing on a deeply conserved, regulator of cell fate, we
also provide insight into how epithelial cells are specified in a
diversity of organisms, and how misregulation can lead to
disease. Morphogenic processes during embryonic develop-
ment require that cells transition between epithelial and
mesenchymal cell fates (Lim and Thiery 2012). During this
transition, epithelial cells lose their differentiated character-
istics, such as cell-cell adhesion and cell polarity, and gain the
properties of mesenchymal cells, including motility, invasive-
ness, and resistance to apoptosis (Hay 1995; Mani et al.
2008). This epithelial-mesenchymal transition (EMT) is re-
versible, and, following morphogenesis, epithelial cell fates
can be re-established through a mesenchymal-epithelial tran-
sition (MET) (Polyak and Weinberg 2009; Tsai and Yang
2013). Similar processes have been implicated in cancer me-
tastasis, where transformed cells spread from a primary tu-
mor in an EMT-like process, and relocate to additional sites in
the body by reverting back to a mesenchymal cell fate (Kalluri
and Weinberg 2009; Thiery et al. 2009). Misexpression of
each of the mammalian Grh-family members has been asso-
ciated with a range of epithelium-derived cancers (Mlacki
et al. 2015). Given the function of Grh-family members in
driving epithelial cell fate, it was predicted that these pro-
teins might function as tumor suppressors by suppressing the
EMT and metastasis. Indeed, Grh-family members have been
found to function as tumor suppressors in a number of
epithelium-derived cancers (Darido et al. 2011; Cieply et al.
2012, 2013; Werner et al. 2013; Fabian et al. 2014; Mlacki
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et al. 2014; Torres-Reyes et al. 2014). Surprisingly, in some
cancers overexpression of the Grh-family member GRHL2 has
been associated with a poor prognosis, suggesting that, in
addition to its tumor suppressor activity, GRHL2 may func-
tion as an oncogene in specific cell types or at specific stages
of development (Werner et al. 2013; Xiang et al. 2013; Butz
et al. 2014; Quan et al. 2015). Thus, defining the factors and
mechanisms that drive epithelial cell fate specification is crit-
ical for understanding both normal development and cancer
progression.

To test whether temporally dynamic binding events medi-
ate stage-specific Grh function, and to provide mechanistic
insight into the function of the Grh-family of proteins in
development and disease, we took advantage of the single
grh gene in Drosophila to identify the transcriptional targets
that drive cell-fate specification at multiple stages of devel-
opment. Given the large number of processes regulated by
Grh, we expected the genomic loci occupied by Grh would
change dramatically over embryonic development, in accor-
dance with the changing role in development. Unexpectedly,
using chromatin immunoprecipitation coupled with high-
throughput sequencing (ChIP-seq) at multiple time points
over embryonic development and in larval imaginal tissues,
we demonstrated that Grh-binding sites remain largely un-
changed. However, despite this stable binding profile, the
Grh-dependent transcriptional profile changes. Specifically,
the maternally supplied Grh acts predominantly as a tran-
scriptional repressor, while zygotic Grh both activates and
represses gene targets in the embryo. We propose that Grh
regulates epithelial fate specification by marking promoters
of genes required for epithelial cell fates, and that additional
transcription factors or protein interaction partners affect the
subsequent changes in gene expression.

Materials and Methods
Fly stocks

All stocks were grown on molasses food at 25°. Germline
clones were produced as described in Harrison et al. (2010)
using the FLP-FRT system (Chou and Perrimon 1996). To
identify embryos mutant for zygotic grh, grh™ or grh®3” were
balanced over CyO, sChFP, and embryos were scored for the
absence of red fluorescence. To generate integrated reporters
for hgo expression, 526 bp of the promoter region, including
the transcription start site (TSS), were cloned upstream of
lacZ. A potential Grh-binding sequence located 95 bp up-
stream of the TSS, GACCAGTT, was mutated to CATTCTT.
Both wild-type and mutant transgenes were inserted into
ZH-86Fb using ®C31 integration.

Antibody generation and purification

The C-terminal antibody used for calling the ChIP peaks was
described in Harrison et al. (2010). An N-terminal antibody
recognizing the first 441 amino acids of Grh was used to
confirm ChIP peaks. To generate these antibodies, rabbits
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were immunized by Josman, LLC, with GST fused to amino
acids 1-441 of Grh, and purified against the same portion of
the protein fused to maltose binding protein (MBP). Demon-
strating specificity for Grh, these antibodies recognize a band
of the correct predicted molecular weight by immunoblot on
S2 cell extract only following transfection of an expression
plasmid for Grh-PH. Furthermore, similar to other anti-Grh
antibodies (Harrison et al. 2010), these antibodies recognize
a doublet by immunoblot on 0-6 hr embryo extract (Supple-
mental Material, Figure S1)

Chromatin immunoprecipitation and sequencing

ChIP experiments were done with Oregon R D. melanogaster
embryos collected at four different time points after egg lay-
ing: 2-3, 5-6, 11-12, and 15-16 hr. Embryos were fixed in
formaldehyde, chromatin was isolated, and immunoprecipi-
tations were performed as described in Li et al. (2008).
Antibodies (described above) raised against either the
N-terminus or C-terminus of Grh were used for immunopre-
cipitation. For each time point, single replicate immunopre-
cipitations using each antibody were compared (Figure S2)
to confirm the successful identification of Grh-binding sites.

Single-end, 100 bp reads were sequenced at the UW Bio-
technology Center DNA Sequencing Facility using an Illu-
mina HiSeq 2000. Using the Galaxy platform (https://
usegalaxy.org), reads were examined for quality, trimmed
by sliding window, and filtered for low quality reads using
the FASTQ groomer (Galaxy tool version 1.0.4). Reads were
mapped to the BDGP R5 D. melanogaster genome using Bow-
tie (Bowtie for Illumina Galaxy Tool Version 1.1.2), with
default settings, and allowing for two mismatches in the
28 bp seed (Hoskins et al. 2007; Langmead et al. 2009;
Blankenberg et al. 2010). Because the BDGP R6 D. mela-
nogaster genome was released during our analysis of these
data, sequence reads were additionally mapped to the new
version using Bowtie2 (Galaxy Tool Version 2.2.6.2), and
mapping data are available along with our other sequencing
data through the GEO accession number GSE83305
(Langmead et al. 2009; Langmead and Salzberg 2012).
Mapped sequences were normalized to input controls, and
peaks were called using MACS (Galaxy Tool version 1.0.1),
with a P-value of <le—6, MFOLD enrichment of five, and
using 1000, 2500, and 5000 bp regions to calculate the max-
imum lambda as local lambda (Zhang et al. 2008). The
MFOLD enrichment value was chosen so that model peaks
could be calculated using the same settings for each ChIP-seq
dataset; the sizes of regions used to find local lambda were
chosen to account for the more compact Drosophila genome
compared to the default settings tuned to the mouse genome
(default: 1000, 5000, and 10,000 bp). A P-value of 1le—6
was chosen (compared to the default setting of 1le—5) to
increase confidence in the validity of the called peaks. Peaks
were further processed into subpeaks using the PeakSplitter
function of the PeakAnalyzer program (Salmon-Divon et al.
2010). Genome tracks were visualized using the UCSC Ge-
nome Browser. Genomic annotations, including assigning

peaks to the nearest genes and assigning genomic locations,
were performed with the Bioconductor R package ChIP-
seeker (Bioconductor version 3.1, ChIPseeker version 1.4.7)
using the default settings and the BDGP R5 Drosophila
genome through the TxDb.Dmelanogaster.UCSC.dm3.ens-
Gene package (version 3.1.2) (Huber et al. 2015; Yu et al.
2015). Peak to gene assignments were done using the de-
fault settings of the annotatePeak() function of the ChIP-
seeker R package, which assigns each peak to the closest
TSS region (upstream or downstream). After gene assign-
ment, each peak was further annotated to one of seven ge-
nomic classes: 5'UTR, 3’UTR, exon, intron, downstream, or
intergenic, prioritized in the order listed in case of overlap-
ping annotations. Data for GFP-Grh binding were from
GSE62558 (Potier et al. 2014).

RNA-seq and analysis

RNA-seq experiments were done on embryos depleted of
either zygotically expressed or maternally contributed Grh
(Figure S3). Siblings with functional Grh for both the zygoti-
cally and maternally depleted sets were collected and stored
in Trizol supplemented with 150 pg/ml glycogen. RNA was
extracted, and cDNA libraries were prepared using Truseq
RNA sample prep kit (Illumina). For the 2-3 hr after egg
laying (AEL) and 11-12 hr AEL time points, two replicates
of each mutant were sequenced. For the 15-16 hr AEL time
point, a single replicate of each mutant was sequenced.

The cDNA 100 bp single-end reads were sequenced at the
UW Biotechnology Center DNA Sequencing Facility using an
[llumina HiSeq 2000. Using the Galaxy platform, reads were
examined for quality, trimmed, and filtered as described
above. The reads were then mapped to the BDGP R5 D. mel-
anogaster genome using the gapped-read TopHat mapper
(Galaxy Tool version 0.9; Tophat version 2.0.14) with default
settings (Hoskins et al. 2007; Blankenberg et al. 2010; Kim
et al. 2013). SeqMonk was used to compare expression of
transcripts between mutants (http://www.bioinformatics.
babraham.ac.uk/projects/seqmonk/). Cufflinks (Galaxy Tool
version 2.2.1.0; Cufflinks version 2.2.1) was used with de-
fault settings for transcript assembly. The resulting assembled
transcripts were compared using Cuffdiff (Galaxy Tool ver-
sion 2.2.1.2; Cuffdiff version 2.2.1) to identify genes that
change significantly (P-value < 0.05) in expression using
the mutants as replicates for the 11-12 hr AEL and 15-
16 hr AEL datasets, and using biological replicates for the
2-3 hr AEL dataset (Trapnell et al. 2010). For the 2-3 hr
AEL time point, only genes significantly misexpressed in both
mutant backgrounds were used for further analysis. For the
11-12 hr AEL time point, only genes that were significantly
misexpressed in both replicates were used for further
analysis.

Motif enrichment

Motifs were identified using the online MEME-ChIP tool
(version 4.11.1) in the MEME Suite of analysis tools (Bailey
et al. 2009) and HOMER (Heinz et al. 2010). Sequences
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representing peaks identified in ChIP-seq experiments were
entered as FASTA files. The program identified motifs rela-
tively enriched in the data set compared to shuffled se-
quences, and also compared these motifs with a Drosophila
database of known motifs combined from the OnThe-
Fly 2014, Fly Factor Survey, FLYREG, iDMMPMM, and
DMMPMM databases (Bergman et al. 2005; Kulakovskii
and Makeev 2009; Kulakovskiy et al. 2009; Zhu et al. 2011;
Shazman et al. 2014). Motifs are given with an e-value, cal-
culated as the P-value of Fisher’s Exact Test of motif enrich-
ment multiplied by the number of candidate motifs.

Gene ontology annotations

Gene ontology (GO) annotation was performed using the
online GO Consortium tool (http://geneontology.org/),
which uses the PANTHER classification system (Ashburner
et al. 2000). Lists of gene names were entered searching for
enrichment in biological processes using a Bonferroni correc-
tion. The data were collected using the PANTHER over-
representation test release 20160321 with the 2016-03-25
GO ontology database release.

Quantitative RT-PCR

RNAwas extracted from staged embryos (as described above),
and cDNA was synthesized using Superscript III (Life Tech-
nologies). Primers designed to span exon junctions were used
to perform the qPCR in triplicate for each target using GoTaq
gPCR Master Mix (Promega). Samples were analyzed in
triplicate for each of three or more biological replicates,
and fold change was calculated using the AACt method. Pri-
mers are listed in Table S1.

Cell culture and luciferase assays

Promoter regions from hgo, Spn42De, CG13059, and CG17290,
including potential upstream Grh-binding sites identified
by ChIP-seq, were cloned into pGL3-Basic (Promega) to drive
Firefly luciferase expression. Potential Grh-binding sites iden-
tified by similarity to the canonical binding sequence were
mutated. Drosophila Schneider 2 (S2) cells were cultured in
Schneider’s Media (Life Technologies) supplemented with
10% FBS (Omega Scientific) and 1% antibiotic/antimycotic
(Life Technologies). Transient transfections were performed
in triplicate with 900 ng wild-type or mutant reporter plas-
mid, 200 ng Grh-expression plasmid, and 100 ng of actin-
renilla plasmid using Effectene Transfection Reagent (Qiagen).
Fold activation was calculated relative to luciferase reads
from controls transfected with 200 ng of empty expression
vector in place of the Grh-expression plasmid. Luciferase
assays were performed on cell lysate using a Dual Luciferase
assay kit (Promega).

In situ hybridizations

Flies were allowed to lay for 5 hr. After aging for 12 hr,
embryos were collected, fixed, and then hybridized with
dioxygenin-UTP labeled RNA probes generated from plas-
mids containing lacZ cDNA. Stained embryos were mounted
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in 70% glycerol and imaged on a Leica M165 FC stereo
microscope.

Data availability

The genomic data in this work was deposited in the Gene
Expression Omnibus: accession number GSE83305. Strains
and plasmids are available upon request.

Results

Grh binds to thousands of loci during
embryonic development

To map the gene regulatory network controlled by Grh, and
how it changes over embryonic development, we performed
ChIP-seq at four time points spanning the initial 16 hr of
embryonic development: 2-3 hr AEL, 5-6 hr AEL, 11-
12 hr AEL, and 15-16 hr AEL (Figure 1A). Essential processes
occur at these time points, including cellularization (stage 4-5,
2-3 hr AEL), segment boundary formation (stage 11, 5-
6 hr AEL), dorsal closure (stage 14-15, 11-12 hr AEL),
and cuticle formation (stage 16-17, 15-16 hr AEL). Nota-
bly, Grh has been shown to be important for both dorsal
closure and cuticle formation, with grh mutant embryos dying
from cuticle defects during stage 17 (Bray and Kafatos 1991;
Narasimha et al. 2008).

We identified thousands of peaks for each developmental
time point (5011 peaks at 2-3 hr AE; 6584 peaks at 5-6 hr
AEL; 4877 peaks at 11-12 hr AEL; 9393 peaks at 15-16 hr
AEL) (Figure 1B and Table S2). For each set of peaks, the
canonical Grh-binding site was the most highly enriched mo-
tif (Figure 1C). Highly overlapping peaks were identified
from ChIP-seq data using an additional Grh antibody raised
against a different region of the protein (Figure S2). We
identified peaks corresponding to Grh-binding sites that
had previously been identified either by DNase I protection
assays or ChIP-qPCR, including in the regulatory regions of
Dopa decarboxylase (Ddc), engrailed (en), coracle (cora),
Cad96Ca (stitcher), decapentaplegic (dpp), Abdominal B
(Abd-B), Sex lethal (SxD), scute (sc), and pale (ple) (Figure 2,
A-C and Figure S4) (Bray et al. 1988; Dynlacht et al. 1989;
Huang et al. 1995; Blastyak et al. 2006; Narasimha et al.
2008; Pearson et al. 2009; Wang et al. 2009; Harrison et al.
2010; Brown and Kassis 2013). Together, these data demon-
strate that we successfully identified in vivo Grh-binding sites
during embryonic development.

Grh-binding sites are largely invariant
over development

Immediately evident from our ChIP-seq data was the high
degree of overlap between the peaks from the four different
time points (Figure 2, A-C). We determined the percentage of
peaks that overlap among our four data sets, and found that
~50-80% of peaks are shared between individual pairs of
time points (Figure 2D). Of these, 2768 peaks were bound
at all four embryonic stages. Thus, 55% of the Grh peaks
identified in 2-3 hr embryos are bound throughout the first
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Figure 1 Grh binds to thousands of loci during embryonic development. (A) ChiP-seq was performed on chromatin from four time points encompassing
the indicated key developmental events in embryogenesis. (B) Numbers of peaks identified for each time point. (C) The most highly enriched sequence
motif identified by HOMER for peaks from each time point corresponds to the canonical Grh-binding site. P-values are shown below.

16 hr of embryonic development, and only 7% of peaks were
unique to the 2-3 hr time point. By contrast, another tran-
scription factor, Twist, remains bound to only 29% of its
binding sites through the first 8 hr of development, and
47% of the binding sites are unique to the 2-4 hr time point
(Zinzen et al. 2009; Yanez-Cuna et al. 2012). Because of the
lower number of peaks found in the three earlier time points
as compared to the 15-16 hr time point, the percentage of
peaks from the 15-16 hr embryos overlapping peaks from
earlier time points was lower than the overlap for other
stages (Figure 2D). A majority (82%; 2227 of 2768) of shared
peaks were in the top 5000 peaks identified in 15-16 hr
embryos, suggesting that the larger number of peaks identi-
fied at this time point was due to either a more successful
ChIP assay from this sample, to additional lower strength
binding sites, or to the presence of cell-type specific binding
sites unique to this developmental time point. Furthermore,
relative peak heights among these shared embryonic peaks is
similar between the time points (Figure S5). Thus, the high-
est occupancy Grh-binding sites remain largely invariant
over much of embryonic development, and these sites are
likely enriched for the functional binding events (Fisher
et al. 2012).

Because Grh is expressed in larvae as well as embryos, we
sought to determine whether these Grh-binding sites remain
occupied in larval tissues. For this purpose, we performed
ChIP-seq on third instar larval wing imaginal discs, and
identified 2192 peaks, the majority of which (63%; 1381 peaks)
were also bound throughout embryonic development
(Figure 2E).

We then compared our data to a published dataset that
used a transgenic GFP-tagged version of Grh to identify
binding sites in the eye imaginal disc (Potier et al. 2014).
More than three quarters (78%) of the Grh-binding peaks
we identified as constitutively bound throughout embryogen-
esis were identified in the eye imaginal disc (Figure 2E).
However, only ~V4 of the peaks identified in the eye disc
overlapped with peaks we found in the embryos or wing disc.

Motif searches for sequences enriched in the eye-disc peaks
that did not overlap with our embryonic peaks failed to iden-
tify enrichment for the canonical Grh motif. This suggests
that many of these peaks may be the result of nonspecific
binding by either the anti-GFP antibody or the transgenic,
tagged Grh. These results clearly indicate that thousands of
Grh-binding sites are occupied throughout embryonic devel-
opment, and 1146 of these loci remain bound in third instar
larvae.

Grh binds to accessible chromatin in the
promoter-proximal regions of embryos and larvae

Previous reports had suggested that Grh binding overlaps with
regions of open chromatin in the eye (Potier et al. 2014).
Given that we identified thousands of Grh-binding sites that
were bound in both in the imaginal discs and in the embryo,
we explored whether the correlation with accessible chroma-
tin was a general feature of Grh binding. For this purpose, we
took advantage of published FAIRE-seq data from embryos
approximately stage-matched with our ChIP-seq data sets to
determine whether the bound embryonic peaks overlapped
with open chromatin identified at the same developmental
stage (McKay and Lieb 2013). Indeed, we found that ~¥2 of
all Grh peaks overlapped with regions of open chromatin
(47% for 2-3 hr embryos, 57% for 5-6 hr embryos, 46%
for 15-16 hr embryos). Thus, Grh binding overlaps with
open chromatin both in the embryo and in the imaginal
disc. When we performed similar analysis focusing on the
constitutively bound embryonic peaks, we identified an even
stronger overlap between Grh binding sites and accessi-
ble chromatin regions (57% for 2-3 hr embryos, 62% for
5-6 hr embryos, 60% for 15-16 hr embryos).

Because we had demonstrated that many of these embry-
onic-bound loci remain bound in the larval imaginal discs, we
investigated whether the embryonic-bound sites were corre-
lated with chromatin accessibility in the larval imaginal tis-
sues. When we compared our class of constitutive embryonic
Grh-binding sites with FAIRE data from wing imaginal discs,
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Figure 2 Grh binding is largely invariant over three days of development. (A-C) Snapshots of Grh ChiIP-seq from eye disc, wing disc, 15-16 hr
embryos, 11-12 hr embryos, 5-6 hr embryos, and 2-3 hr embryos (listed from top to bottom) for three genes shown below (A) engrailed (en), (B)
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Numbers are the percent of the peaks from the time point indicated by the row that overlap the peaks from the time point indicated by the column. (E)
Overlap of ChIP peaks shared among all four embryonic time points (embryo) and the peaks identified in wing or eye imaginal discs. Numbers are the
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we found that 76% of the embryonic Grh peaks overlap with
chromatin accessible regions in the wing disc (Figure 3A).
In addition there was a positive correlation (r = 0.23,
P < 3 X 10734 between average ChIP-seq peak height
for Grh in the embryo and chromatin accessibility in the wing
disc as measured by FAIRE (Figure S6). This suggests that
DNA binding by Grh in the embryo is predictive of regions
that will become accessible in the larvae. Overall, these Grh-
bound open chromatin regions constitute 16% of the total
number of accessible regions in the wing disc as determined
by FAIRE.

Because promoters are correlated with constitutively
open regions of chromatin (Thomas et al. 2011), the over-
lap of Grh-binding sites and open chromatin suggested that
Grh might preferentially bind to promoter regions. When
we analyzed the genomic distribution of our Grh-binding
sites, we identified a strong enrichment to promoter-proximal
regions (defined as <1 kb upstream of the TSS; Figure 3B
and Figure S7). Whereas promoter-proximal regions rep-
resent only 9% of the genome, they are enriched to 30-
40% of the regions bound by Grh in the embryo. Thus,
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Grh-binding sites are correlated with promoter-proximal
regions of open chromatin that are, like the Grh-binding
sites, relatively unchanged throughout days of Drosophila
development.

The gene-regulatory network controlled by Grh
changes over embryonic development

To determine how Grh-binding regulates gene expression, we
purified mRNA from both wild-type and grh mutant embryos,
and subjected them to high-throughput sequencing (RNA-
seq). We used embryos stage matched with our ChIP-seq
experiments to enable the discrimination of potential direct
from indirect target genes. For the 2-3 hr AEL sample, we
assayed embryos depleted for the maternal contribution of
grh mRNA using the FLP/FRT system to generate mitotic
clones in the maternal germline as previously described (Fig-
ure S3A) (Harrison et al. 2010). Embryos lacking maternal
grh were identified by the absence of GFP fluorescence. For
later stages, grh mutants were identified by the absence of a
fluorescently marked balancer chromosome (Figure S3B). In
all cases, fluorescent heterozygous siblings were used as
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controls. Because maternally deposited mCherry expressed
from the balancer chromosome perdured in embryos until
9-10 hr AEL, we were unable to identify grh mutant embryos
at 5-6 hr AEL. To control for potential background effects,
we sequenced mRNA from two different grh mutants, grh™
and grhP37 (Figure 4A). Both of these mutations result in
premature stop codons and are likely null alleles (Bray and
Kafatos 1991; Pare et al. 2012). Data from these two mutants
were highly reproducible, suggesting a minimal contribution
from background mutations (Figure S8).

We identified 65 genes misexpressed when maternal grh is
depleted, 917 genes misexpressed at 11-12 hr AEL in em-
bryos lacking zygotic grh, and 2730 genes misexpressed at
15-16 hr AEL (Figure 4B and Table S3). We validated a sub-
set of targets using quantitative PCR (Figure 4, C-E). Our
data also overlapped with a previously published microarray
dataset from stage 16-17 embryos, although our RNA-seq
approach identified a larger number of targets (Figure S9).
Misexpressed genes were then subdivided into those that
were either upregulated or downregulated in the absence
of Grh (Figure 4B and Table S3). The majority of the genes
that changed in expression levels in the grh mutants were

Figure 3 Grh binding is enriched in accessible, promoter-
proximal chromatin. (A) Average FAIRE-seq signal from
third instar imaginal wing discs across 5 kb regions cen-
tered on the set of Grh-binding sites maintained over em-
bryonic development (top). Heat map of FAIRE-seq signal
from imaginal wing discs ranked by average Grh ChIP-seq
peak height (bottom). (B) Pie chart showing the genomic
distribution of promoters (<1 kb upstream of TSS), up-
stream regions (1-3 kb upstream of TSS), exons, introns,
untranslated regions (UTR) and intergenic regions (top).
Pie charts showing the distribution of Grh ChIP-seq peaks
from embryos, wing discs, or eye discs (below).

Promoter (< 1 kb upstream of TSS)
Il Upstream (1-3 kb upstream of TSS)

upregulated in the absence of Grh in both 2-3 and 11-
12 hr embryos (88 and 90%, respectively). In 15-16 hr em-
bryos, the numbers of genes upregulated and downregulated
were more similar (44 and 56%, respectively).

While it has been suggested that Grh acts predominantly as
a repressor early in development, Grh has largely been char-
acterized as an activator later in development (Bray et al.
1988; Attardi et al. 1993; Uv et al. 1997; Mace et al. 2005;
Narasimha et al. 2008; Pearson et al. 2009; Wang et al. 2009).
Thus, over embryonic development, we might expect to see a
shift from genes being directly upregulated (derepressed) in
the absence of Grh, to genes being directly downregulated in
its absence. We therefore combined our RNA-seq analysis
with our stage-matched ChIP-seq data to determine the likely
direct and indirect targets of Grh regulation. For each time
point, we associated ChIP-seq peaks with the nearest gene,
and identified >2000 genes with a proximal Grh-binding
site for each time point, and 1525 genes with a Grh-binding
site at all four embryonic time points (Table S4). To identify
likely direct targets, we determined the overlap between
genes with nearby Grh-binding sites and genes whose
expression levels changed in the absence of Grh, allowing
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us to identify hundreds of potential Grh-target genes
(Figure 5A and Table S5).

Because these assays were performed on whole embryos,
and Grh is expressed in only a subset of tissues in the 11-12
and 15-16 hr embryos, we wanted to determine if our anal-
ysis had successfully identified direct Grh targets. Encourag-
ingly, when we used ImaGO to identify the tissues in which
our presumptive direct targets were expressed, we found
enrichment for the epidermis, pharynx, and tracheal system,
tissues in which Grh is known to be expressed (Table S6)
(Tomancak et al. 2007). We further confirmed that we suc-
cessfully identified direct Grh targets using tissue culture. We
selected four genes, homogentisate 1,2-dioxygenase (hgo),
Serpin42De (Spn42De), CG13059, and CG17290, that we
identified as likely direct targets and that had canonical
Grh-binding sites in their promoters, underlying the identi-
fied ChIP peaks. We assayed luciferase expression levels
driven by the promoters of these four genes in the presence
or absence of Grh. All four genes were activated between 35-
and 100-fold upon Grh expression (Figure 5B). Furthermore,
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this expression required binding of Grh to the promoter, as
mutations in a canonical Grh-binding motif abrogated Grh-
mediated activation (Figure 5B). For one of these genes, hgo,
we further confirmed this Grh-mediated expression in vivo by
assaying expression of a lacZ transgene driven by either the
wild-type hgo promoter or one harboring mutations in the
identified Grh-binding site (Figure 5C). The expression pat-
tern of lacZ driven by the wild-type hgo promoter resembles
expression of the endogenous gene as reported by the Berke-
ley Drosophila Genome Project (Tomancak et al. 2002, 2007;
Hammonds et al. 2013). Mutations in the single canonical
Grh-binding motif result in background levels of staining
(Figure 5C). Together, these assays demonstrate that, by
combining our ChIP-seq and RNA-seq data sets, we suc-
ceeded in identifying direct Grh targets through embryonic
development.

The majority of Grh present in the 2-3 hr embryo is pro-
vided maternally (Huang et al. 1995; Harrison et al. 2010).
This maternally deposited Grh was required predominantly
for repressing gene expression as 43 direct targets are
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upregulated in the absence of Grh and only four direct targets
are downregulated (Figure 5A). Of the 43 direct targets re-
pressed by Grh, 60% (28 genes) of them were zygotically
expressed (Lott et al. 2011), suggesting a role for maternally
deposited Grh as a repressor in the early embryo. This role as
a repressor fits with previous data (Huang et al. 1995; Liaw
et al. 1995). For example, we identified engrailed, a gene that
Grh has previously been shown to bind as a direct target re-
pressed by Grh (Brown and Kassis 2013). We identified many
novel targets of Drosophila Grh repression, including zinc
finger homeodomain 1 (zfh1), whose mammalian ortholog,
ZEB1, is similarly a target of Grh-mediated repression, and is
instrumental in driving epidermal differentiation (Cieply
et al. 2012, 2013; Werner et al. 2013). GO term enrichment

showed that many of the genes repressed by maternal Grh
were important in epithelium development, tissue morpho-
genesis, and central nervous system development (Table S7),
processes known to require Grh. This suggests that these
genes may be downstream effectors of Grh in driving these
fundamental processes.

While maternally deposited Grh is not essential (Harrison
et al. 2010), zygotic Grh is required for embryonic viability
(Bray and Kafatos 1991). We therefore identified direct tar-
gets of Grh at 11-12 hr AEL and 15-16 hr AEL, as these
target genes are likely to include those essential for proper
embryonic development. At 11-12 hr AFL, only 93 genes
are downregulated in the absence of Grh, but, of these 55%
have associated Grh-binding sites (Figure 5A; P < 0.0001);
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823 genes are upregulated at 11-12 hr AEL in the absence of
zygotic Grh, but only 14% are possible direct targets (Figure
5A; P > 0.1). Despite the large number of genes upregu-
lated in the absence of Grh, there is no statistically significant
correlation between Grh-binding and upregulation in the
mutants, suggesting that Grh is required predominantly to
activate gene expression at this stage of development. Simi-
larly, we identify hundreds of targets that are either activated
or repressed by Grh 15-16 hr AEL, but only find a significant
correlation between DNA-binding by Grh and Grh-mediated
gene activation (Figure 5A). Given that we are assaying gene
expression on whole embryos, there are direct targets that
may have been missed if changes in gene expression occur
only in specific tissue types. Nonetheless, by combining ChIP-
seq and RNA-seq, we have identified hundreds of previously
unknown genes that are targets of Grh regulation (Table S5).
Together, our data suggest that maternally provided Grh is
predominantly a repressor of gene expression, while later in
development Grh functions mostly as an activator.

Gene expression levels are controlled by Grh activity,
not Grh binding

Having identified a set of likely target genes directly regulated
by Grh at specific developmental stages, we assessed the
degree of overlap among these targets. We found that there
was only a single gene (CG18812) that was directly regulated
by both maternal and zygotic Grh. Similarly, only seven genes
were upregulated in the absence of Grh in both 11-12 and
15-16 hr embryos (Figure 6A). (This is equivalent to 2.5 and
5% of the 15-16 and 11-12 hr upregulated targets, respec-
tively.) There is no significant correlation between being re-
pressed by Grh at 11-12 hr AEL and being repressed at
15-16 hr AEL (P = 0.99). Thus, the network of genes re-
pressed by Grh is reorganized over embryonic development;
31 genes are downregulated in 11-12 and 15-16 hr embryos
(Figure 6A), which corresponds to 60% of the genes directly
activated by Grh at 11-12 hr AEL. This suggests that some,
but not all, of the network of genes activated by zygotic Grh
are maintained through development. Similarly, there is little
overlap between genes upregulated in the absence of Grh in
11-12 hr embryos and downregulated in 15-16 hr embryos
(eight genes) or vice versa (six genes). Thus, it is not that Grh
bound to chromatin is switching between transcriptional
activities, but rather it is changing between regulating tran-
scription and not modulating transcriptional output. Because
these assays were performed on whole embryos, we cannot
rule out the possibility that a subset of the genes that showed
no significant change in expression levels in the grh mutants
were targets of Grh regulation in only a subset of cells. None-
theless, our data strongly suggest that Grh function and gene
regulatory network is reorganized over embryonic develop-
ment, with Grh activity shifting from being largely involved in
transcriptional repression to activation.

The identified reorganization of the Grh-regulated net-
work contrasts with the largely invariant Grh-chromatin oc-
cupancy we identified. Thus, we investigated whether the
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direct gene targets of Grh were uniquely bound by Grh during
the specific developmental time point at which it is regulated,
or whether Grh was bound near these target genes at multiple
time points. We found that all of the targets of maternally
deposited Grh in 2-3 hr embryos were bound at multiple
stages of embryogenesis, and were not unique to the early
embryo (Figure 6B). Similarly, in 11-12 hr embryos, all of
the targets downregulated in the absence of Grh, and nearly
all (85%) of the targets that are upregulated in the absence of
Grh, overlapped with Grh-binding sites that are occupied at
multiple time points (Figure 6B). Most of the Grh-target
genes regulated in 15-16 hr embryos were bound by Grh
at multiple embryonic stages (Figure 6B). Therefore, while
the gene regulatory network controlled by Grh changes over
development, this is not regulated at the level of Grh binding
(Figure 7). Because we see a correlation between Grh peak
height among constitutive Grh-binding sites across embry-
onic development (Figure S5), these changes in gene expres-
sion are unlikely to be explained by dramatic changes in Grh
occupancy. Together, this suggests that the thousands of in-
variant Grh-binding sites exist proximal to genes that are
regulated by Grh at distinct stages of development, or in
specific tissue types.

Specific, well-studied examples support the model that
Grh function is regulated subsequent to DNA binding. We
identified Grh binding to the regulatory regions of Fasciclin
3 and coracle throughout embryogenesis, but did not de-
tect any changes in gene expression in grh mutants. None-
theless, previous reports have shown that expression of
both of these genes is reduced in larval imaginal disc cells
lacking Grh (Narasimha et al. 2008). Thus, Grh is bound in
the embryo to the regulatory regions of genes known to
rely on Grh for expression in larvae. We propose that the
cohort of genes associated with invariant Grh-binding sites
indicates the direct targets by which Grh controls multiple
aspects of development. To determine the broadly defined
regulatory function of Grh, we identified enriched GO
terms for the genes associated with the 2768 of Grh-binding
sites occupied throughout embryonic development. These
include a wide range of process that Grh is known to reg-
ulate, e.g., epithelium development, neuron differentia-
tion, epithelium morphogenesis, and tube development
(Figure 6C). Together, our data provide a list of direct tar-
get genes whose regulation by Grh likely explain the es-
sential role of Grh in numerous developmental processes
(Table S5).

Discussion

Since the initial identification of Grh in Drosophila, the Grh-
family of transcription factors has been shown to have widely
conserved functions in epithelial differentiation, wound heal-
ing, barrier formation, and tube morphogenesis. These roles
are important in multiple different tissues in both flies and
mammals (Wang and Samakovlis 2012). Nonetheless, down-
stream targets that affect these critical functions have been
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identified in only a subset of tissues. Studies of other tran-
scription factors suggested that the varied processes regu-
lated by Grh would be controlled by Grh binding to distinct
regulatory regions at different stages of development
(Jakobsen et al. 2007; Zinzen et al. 2009; Wilczynski and
Furlong 2010; Spitz and Furlong 2012; Yanez-Cuna et al.
2012; Slattery et al. 2013, 2014). In contrast to this expecta-
tion, our data suggest that the Grh-binding sites remain
largely unchanged over development, and that it is through
occupancy of these stably bound regions that Grh regulates
gene expression. We propose that Grh may function as a
master regulator of epithelial cell fate specification by mark-
ing cis-regulatory regions that are bound by additional tran-
scription factors, which provide the temporal specificity in
gene expression (Figure 7). Thus, stable DNA occupancy of
a transcription factor over multiple developmental time
points may be a characteristic of factors that act at the top
of gene regulatory networks. Future studies assaying DNA
binding for multiple transcription factors across development

or in multiple tissue types will be essential for determining if
this is the case.

Coupling high-throughput sequencing with methods to
detect transcription factor binding sites (ChIP-seq, DamlID-
seq, etc.) has allowed for the identification of even low
occupancy binding sites. Therefore, it remains a challenge
to determine which of the identified sites are functional. While
it has been demonstrated that low-occupancy regions are less
likely to contain regulatory information as compared to high-
occupancy regions, there are multiple examples of low affinity
binding sites driving specific gene expression (Fisher et al.
2012; Ramos and Barolo 2013; Crocker et al. 2015). Further-
more, binding events that are temporally dynamic over de-
velopment are enriched for functional binding events, and
are more predictive of activity (Jakobsen et al. 2007; Li
et al. 2008, 2011; Zinzen et al. 2009; Wilczynski and Furlong
2010). Thus, there has been a focus on those DNA-binding
events that change through development. Data suggest that
these changes in transcription factor occupancy are likely
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driven by alterations in chromatin structure that allow the
proteins access to the underlying DNA (MacArthur et al.
2009; Kaplan et al. 2011; Liet al. 2011). Nevertheless, these
models are built around a relatively limited number of tran-
scription factors that have been assayed at multiple devel-
opmental stages. In contrast to factors such as Biniou,
Hunchback, Medea, and Twist, there are some broadly
expressed proteins, like GAGA factor and Doublesex
(Dsx), which bind to thousands of the same targets in mul-
tiple developmental contexts (Jakobsen et al. 2007;
Wilczynski and Furlong 2010; Li et al. 2011; Spitz and Fur-
long 2012; Yanez-Cuna et al. 2012; Clough et al. 2014;
Slattery et al. 2014). Similar to what we have demonstrated
for Grh, both the male and female isoforms of Dsx bind to
thousands of genes in the adult fat body, but very few are
misregulated upon dsx mutation (Clough et al. 2014). Thus,
factors such as Grh, GAGA factor, and Dsx are likely poising
target genes, and additional factors are required for a tran-
scriptional response.

Our data demonstrate that stage-specific activity of Grh is
regulated subsequent to DNA binding. It is possible that Grh
activity during development is directly regulated through
post-translational modification, cofactor binding, or a combi-
nation of both. It is known that Grh is phosphorylated both
in vivo and in vitro, and that the mitogen activated kinase
(MAPK) pathway can regulate Grh activity (Liaw et al. 1995;
Hemphala et al. 2003; Zhai et al. 2008; Wang et al. 2009; Kim
and McGinnis 2011). Grh has also been found to interact with
Polycomb and Trithorax group proteins, suggesting that Grh
may function to recruit corepressors or coactivators to dis-
tinct loci (Tuckfield et al. 2002; Blastyak et al. 2006; Strubbe
et al. 2011; Hopkin et al. 2012). It will be important to in-
vestigate the role of these regulatory mechanisms in control-
ling Grh activity.

Based on our data, we propose that Grh may have
functions reminiscent of pioneer factors, and thus might
influence chromatin accessibility. We identified an enrich-
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ment of Grh binding in the promoter-proximal regions of
genes (<1 kb upstream of the TSS), which are known to be
nucleosome free in many species. Further, we identified a
correlation between Grh-bound regions and accessible
chromatin. We find this correlation is particularly strong
for those regions bound by Grh throughout embryonic de-
velopment, and that the correlation extends to chromatin
accessibility in the imaginal discs of the third instar larvae.
Data demonstrating that the canonical Grh motif underlies
species-specific changes in chromatin accessibility support
a hypothesis that Grh may be a driver of this accessibility
(Naval-Sanchez et al. 2015). It is interesting to note that
one of the few factors shown to have remarkably consistent
binding across development, GAGA factor, is instrumental
in promoting chromatin accessibility (Slattery et al. 2014;
Fudaetal. 2015). If Grh functions by promoting open chro-
matin, then its function as a transcriptional activator or
repressor may be governed by the transcription factors that
are present in a specific cell type to bind to these now
accessible regions. Future mechanistic studies will be es-
sential to understand what regulates Grh function in spe-
cific cell types.

Because the thousands of Grh-binding sites we identified
likely represent functional binding events in multiple tissue
types, we suggest that the role of Grh in specific cells, such as
neuroblasts, may be explained by stage-specific activity at
these stably bound regions. For example, we have identified
constitutively occupied Grh-bindings sites upstream of many
known regulators of neuroblast differentiation, including
brain tumor, numb, castor, Dichaete, klumpfuss, pointed, and
Enhancer of split my (Homem and Knoblich 2012). We pro-
pose that Grh may regulate neuroblast differentiation in part
by directly regulating some, or all, of these genes. Similarly,
the role of Grh in other processes, such as tracheal develop-
ment or epithelial morphogenesis, is likely mediated through
direct regulation of a subset of genes identified through
our studies. Thus, by defining the gene regulatory network
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controlled by Grh, we have identified specific targets through
which Grh likely controls essential developmental processes
(Table S5).

We have previously shown that Grh can compete with the
transcription factor Zelda for DNA binding (Harrison et al.
2010), and others have similarly suggested that competition
with additional transcription factors could regulate Grh func-
tion (Huang et al. 1995; Garcia and Stathopoulos 2011).
While we found that the TAGteam binding sequence recog-
nized by Zelda is enriched in Grh-bound peaks, and that
~44% of Grh-bound peaks in the 2-3 hr embryo overlap
with Zelda-bound peaks, this high degree of overlap is not
unique to Grh. Zelda binding is predictive of where large
numbers of other transcription factors bind (Harrison et al.
2011). Our data cannot rule out the possibility that compe-
tition with additional factors regulates Grh function at spe-
cific loci or in discrete tissues. Nonetheless, the large number
of Grh-bound loci that remain occupied throughout much of
embryonic and larval development suggest that, at many
genes, Grh activity is not regulated by competition for
chromatin.

The role of Grh in cancer has been linked to its function as a
driver of epithelial cell fate, and Grh suppresses the EMT in a
subset of cancer cell lines. A feedback loop between GRHL2
and ZEB1 has been implicated in driving the EMT in some
cancers (Cieplyet al. 2012, 2013; Werner et al. 2013). GRHL2
represses expression of ZEB1 by binding to its promoter, but
ZEB1 can also repress GRHL2 expression (Cieply et al. 2013;
Werner et al. 2013). In addition, GRHL2 activates expression
of essential markers of the EMT, such as E-cadherin. We
identified Grh-binding sites upstream of the Drosophila ho-
mologs of both ZEB1 and E-cadherin, zinc finger homeodo-
main 1 (zfh1), and shotgun (shg), respectively. Similar to
what has been shown in mammalian cell culture, our data
demonstrate that zfh1 is likely a target of direct repression by
Grh in the early embryo. While our RNA-seq did not identify
changes in shg expression in grh mutant embryos, previous
reports have shown that E-cadherin levels are decreased in
the larval neuroblasts of grh mutants (Narasimha et al.
2008). This supports our hypothesis that the Grh-binding
sites we identified represent Grh targets in a diversity of tis-
sues extending through larval development. Together, these
data provide support for conservation of distinct Grh targets
as well as the biological processes they control. Thus, the
gene regulatory network we identified helps to explain the
apparently contradictory data that Grh behaves as an onco-
gene in some cell types, and a tumor suppressor in others.
Importantly, our developmental time course demonstrates
that, for most genes, Grh activity is not regulated at the level
of DNA binding, and that instead subsequent events control
target-gene expression. These mechanistic insights suggest
that the role of Grh is to mark cis-regulatory regions. Whether
Grh functions as an oncogene in some tumor types, and a
tumor suppressor in others, may be due to the additional
transcription factors and cofactors expressed in individual
cell types.
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