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ABSTRACT

Here we used discriminative training methods to un-
cover the chromatin, transcription factor (TF) bind-
ing and sequence features of enhancers underlying
gene expression in individual cardiac cells. We used
machine learning with TF motifs and ChIP data for
a core set of cardiogenic TFs and histone modifica-
tions to classify Drosophila cell-type-specific cardiac
enhancer activity. We show that the classifier mod-
els can be used to predict cardiac cell subtype cis-
regulatory activities. Associating the predicted en-
hancers with an expression atlas of cardiac genes
further uncovered clusters of genes with transcrip-
tion and function limited to individual cardiac cell
subtypes. Further, the cell-specific enhancer models
revealed chromatin, TF binding and sequence fea-
tures that distinguish enhancer activities in distinct
subsets of heart cells. Collectively, our results show
that computational modeling combined with empiri-
cal testing provides a powerful platform to uncover
the enhancers, TF motifs and gene expression pro-
files which characterize individual cardiac cell fates.

INTRODUCTION

An understanding of how individual cells acquire their
unique fates and differentiate during organogenesis requires
uncovering both their distinct gene expression profiles and
the transcriptional enhancers that orchestrate the coordi-
nated transcription of these co-expressed genes. Enhancers
are non-coding stretches of DNA that respond to the com-
binatorial input of multiple classes of sequence-specific

DNA binding transcription factor (TFs) to precisely con-
trol gene expression in the appropriate cells and at the cor-
rect time (1,2). Gene expression profiling, computational
searches for TF binding motifs, histone mark modifications
and in vivo TF binding have all been used to uncover tran-
scriptional enhancers and gene expression patterns, as well
as to build developmental transcriptional regulatory net-
works (3,4). Such studies often focus on whole organism
or tissue-level analyses. However, to accurately describe the
specification of individual cell fates requires knowledge of
gene expression patterns and the regulatory mechanisms re-
sponsible for the activities of associated cell-type-specific
enhancers.

The invertebrate heart is similar to the mammalian heart
at the linear tube stage of differentiation, and many of the
genetic mechanisms regulating the specification and dif-
ferentiation of heart cells in Drosophila have similar func-
tions in mammals (5). In fact, a core cardiac transcrip-
tional network, composed of the inductive signaling path-
ways (Wnt, Fgf and Bmp) as well as TFs including Tinman
(Tin or NKx2.5 in mammals), Pannier (Pnr or Gata4 in
mammals), Tailup (or Isl-1 in mammals), Hand (or Hand-
1/-2 in mammals) and the Dorsocross-1/-2/-3 genes (or
Tbx5 in mammals) and H15/midline (or Tbx20 in mam-
mals) is required for cardiogenesis in vertebrate and inver-
tebrate species (5,6).

The cells comprising the Drosophila heart can be subdi-
vided into two broad populations, the cardial cells (CCs)
which express muscle genes and are contractile and the peri-
cardial cells (PCs) whose functions are not as well described
but are believed to act as nephrocytes (5). These cell types
arise from segmentally-repeated clusters of cells in a por-
tion of the early differentiating mesoderm called the cardiac
mesoderm (CM). These cells ultimately arrange to form a
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linear tube of 6 CCs per hemi-segment that together form
the lumen of the heart which, in turn, is surrounded by an
outer layer of 10 PCs in each hemi-segment.

CCs and PCs can be further subdivided into individ-
ual identities based on differences in morphology, localiza-
tion and gene expression patterns (5). The expression of
several TFs have been shown to discriminate cardiac cell
fates, with the NK homeodomain TF Tin expressed in the
four posterior-most CCs, the COUP-TF Seven-up (Svp) ex-
pressed in the two anterior-most CCs, while the NK home-
odomain TFs Ladybird early and Ladybird late (redundant
genes hereafter referred to as Ladybird, Lb) are expressed in
the two anterior-most Tin-expressing CCs. In addition, the
10 PCs per hemisegment can be subdivided into five dis-
crete cell populations based on their localization and the
expression pattern of Svp, Lb, Tin and the homeodomain
TF Even-skipped (Eve). Thus, given that each cell is char-
acterized by a discrete phenotypic identity, combined with
the tractability of analyzing the relevant cell types in infor-
mative genetic backgrounds, the Drosophila heart provides
a facile system to interrogate how individual cardiac cells
acquire their unique identities.

Here we used an integrated machine learning approach
to uncover the sequence motifs and epigenetic features that
characterize the enhancers regulating gene expression in in-
dividual cardiac cells in Drosophila (Figure 1). To do so, we
first built a gene expression atlas for hundreds of genes that
are expressed in the heart. We next undertook a large-scale
validation of previously characterized Drosophila cell-type-
specific heart enhancers, which revealed enhancer activities
restricted to distinct subpopulations of cardiac cells. These
enhancers were used in a machine learning approach that
integrated TF motifs with ChIP data for both TF bind-
ing and histone modifications, thereby uncovering both se-
quence and protein features which are predicted to discrim-
inate specific cardiac cell identities and to reveal cell-specific
enhancer activities. We validated these computational pre-
dictions using a large-scale analysis of predicted enhancers
and sequence features in transgenic reporter assays. Finally,
clustering the predicted enhancers from the individual car-
diac classifiers associated with known cardiac genes uncov-
ered previously uncharacterized functions of individual car-
diac cells. In total, these results document the utility of com-
putational modeling combined with empirical testing to un-
cover the enhancers, motifs and genes that characterize in-
dividual cardiac cell fates.

MATERIALS AND METHODS

Analysis of transgenic reporter constructs and embryo stain-
ing

Enhancer regions were either PCR-amplified or synthe-
sized in vitro (Integrated DNA Technologies, Coralville, TA,
USA), sequence-verified and then subcloned into the re-
porter vector pWattB-nlacZ (7-10). All constructs were tar-
geted to attP40 (11) with phiC31-mediated integration (12),
and homozygous viable insertion lines were obtained (Ge-
netic Services, Inc., Sudbury, MA, USA). Whole-embryo
immunohistochemistry and in situ hybridization followed
standard protocols (8-10,13). The following antibodies
were used: mouse anti-Bgal (1:500, Promega, Madison, WI,
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USA), guinea pig anti-Zfh1 (1:1000, gift of J. Skeath) and
rabbit anti-Tin (1:800, gift of M. Frasch).

Gene ontology (GO) analysis

Over-represented gene ontology (GO) categories were de-
fined with FuncAssociate2.0 using standard parameters
(14), and removal of the redundant GO terms from this list
was performed with REVIGO using standard parameters

(15).

Classifier training

The machine learning approach employed here was pre-
viously described (7,9,10,16). For each training sequence,
1000 unique controls were randomly sampled from the
non-coding sequence of the Drosophila melanogaster (dm3)
genome that were matched to their respective enhancer
in GC-content and base pair length. Binding motifs were
mapped by scanning the sequences using tfSearch from
http://rvista.dcode.org/ (17), and the source code can be
downloaded from http://www.dcode.org/tfSearch/tfSearch.
tgz, with appropriate position weight matrices com-
piled from the TRANSFAC, JASPAR and UNIPROBE
databases (18-20). Motif presence was normalized by gen-
erating a per base pair measurement of motif occurrences
in each sequence by defining the number of motif occur-
rences divided by sequence length of a training or control
sequence. The coordinates of genomic regions considered
significantly bound by cardiogenic TFs and enriched for a
particular histone modification were defined and mapped
onto the enhancer and controls (21,22). The enhancer or
control sequence was considered to contain the ChIP peak
if at least 20% of the peak was present in that genomic re-
gion, and this was given a binary score of presence or ab-
sence of a given ChIP peak. The coordinates of genomic re-
gions defined as bound by cardiogenic TFs was previously
published using TileMap (22). The coordinates of genomic
regions defined as enriched for a particular histone modifi-
cation were identified using MACS (tsize = 36, shift size =
90, bw = 100, gsize = 135 000 000) by comparing to input
sequence, and were required to be identified in the replicate
ChIP-seq experiments (with at least 100 bp overlap) (21).
For ease of reproducing the results, the training and control
sequences as well as the motif IDs have been deposited here:
http://dx.doi.org/10.6084/m9.figshare.1284097. We used a
linear-kernel support vector machine (SVM) approach to
discriminate training set sequences from controls. Classi-
fier accuracy was validated using a 5-fold cross-validation
strategy (20% of the training data was held out for testing).
These SVM classifiers were used to predict similar regula-
tory activity across the D. melanogaster genome by using a
sliding window of length 1000 bp and overlaps of 200 bp.
Candidate regions were annotated to known heart genes
by identifying its nearest neighbor along the genome. Hi-
erarchical clustering was performed using the MATLAB
clustergram function and normalized by using the built-in
standardization function within the clustergram tool which
transforms the standardized values so that the mean is 0 and
the standard deviation is 1 (23).


http://rvista.dcode.org/
http://www.dcode.org/tfSearch/tfSearch.tgz
http://dx.doi.org/10.6084/m9.figshare.1284097
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Figure 1. Schematic of the computational and experimental approaches used in this study. (A) Classifying cardiac cell subtype enhancer activity with histone
marks, invivo TF binding and TF binding motifs. The presence of the indicated histone marks and invivo TF binding on different enhancer sequences is
shown by yellow blocks, while the presence of TF binding motifs are represented by lines of different colors. SVMs are built to discriminate enhancer
sequences for each cellular subtype from a set of control sequences. (B) Genome-wide scan to predict similar cell type-specific enhancers. Hierarchical
clustering of the top-scoring predicted enhancers for each cell subtype classification associated with each known heart gene. A GO analysis is used on
the associated genes within each cluster to infer functions of cardiac cell subtypes. Transgenic reporter assays are used to validate enhancer predictions.
(C) Feature weights reveal discriminating features of cell type-specific enhancers. Hierarchical clustering of SVM feature weights reveals features that are
enriched amongst one cardiac cell subtype and depleted or irrelevant to the others. The role of a particular sequence motif in discriminating cardiac cell
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RESULTS AND DISCUSSION
A gene expression atlas of cardiac genes

We previously designed and applied a meta-analysis of
gene expression profiles derived from purified mesoder-
mal cells obtained from wild-type (WT) and informative
mutants to characterize and predict gene activity in the
Drosophila heart (24). In addition, recent studies have used
chromatin immunoprecipitation followed by massively par-
allel sequencing (ChIP-seq) of numerous cardiac TFs to un-
cover the cis regulatory elements and genes which character-
ize the cardiac lineage (22,25). In order to compile a more
comprehensive list of genes with confirmed expression in
the Drosophila heart, we performed a large-scale validation
of these predictions using whole embryo in situ hybridiza-
tion (Supplementary Figure S1A). Out of 103 tested genes,
we uncovered an additional 50 genes with previously un-
characterized expression in the CM and/or mature heart.
Representative gene expression patterns are shown in Sup-
plementary Figure S1A with a complete annotation of car-
diac gene expression patterns documented in Supplemen-
tary Table S1. Combining these newly-identified cardiac
genes with a complete curation of the literature reveals a
total of 284 genes with verified expression in the heart (Sup-
plementary Table S1).

We next used GO analysis (14) followed by the generation
of a condensed summary of the list that was initially ob-
tained by removing redundant GO terms (15). The purpose
of this analysis was to uncover the functions of this large
battery of cardiac genes. Indeed, the non-redundant GO
terms revealed a diversity of functions for these genes, iden-
tifying both upstream (signaling, transcription, etc.) and
downstream (adhesion, chemotaxis, metabolic processes,
etc.) components of the heart gene regulatory network
(Supplementary Figure S1B). In fact, a more detailed cate-
gorization revealed that 165 of these 284 genes are upstream
components, with 82 of these being sequence-specific TFs
(Supplementary Table S1). As there are presently only eight
described cardiac cell subtypes (five PC and three CC), this
shows that there are at least 10x the number of TFs than
previously characterized cell states, suggesting that there is
more extensive diversity in the combinations of TFs uti-
lized to achieve specificity of cardiac gene expression than
had been appreciated in prior studies. The diversity of TFs
required to achieve cellular specificity of gene expression
seems to be mirrored in the enhancers they regulate, as we
found similar diversity in the combinations of motifs reg-
ulating and TFs binding myogenic enhancers (9,10). In to-
tal, this work uncovers a large battery of cardiac genes, and
both the diversity of their inferred functions and the large
number of TFs identified suggest that these genes are under
complex combinatorial transcriptional regulation.

Defining large training sets of cell-type-specific cardiac en-
hancers

We next investigated the molecular mechanisms underly-
ing the coordinate regulation of these heart genes. We pre-
viously characterized the motifs, enhancers and TFs that
discriminate the two broad populations of the Drosophila
heart, PCs and CCs (7). Here we sought to model enhancers
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with cardiac activity of individual cardiac cell states to gain
insights into both the similarities and differences in se-
quence and chromatin features amongst the eight individ-
ual cardiac cell subtypes that are known to exist (see Figure
2A). To do so, we compiled a list of enhancers with pre-
viously reported activity in the Drosophila heart including
those from our preceding study (7) and performed trans-
genic reporter assays to confirm and refine prior findings
at the level of single cells of defined identities (Supplemen-
tary Table S2). To avoid the confounding effects of reporter
variability due to insertion site, these reporters were inserted
at a specific genomic locus that permits robust and repro-
ducible activity in the mesoderm (7-10,13). We performed
in vivo transgenic reporter assays with the 95 curated car-
diac enhancer sequences and confirmed that 73 are active
in the CM and/or heart, with the majority of the enhancer
sequences with non-cardiac activity showing activity in the
neighboring amnioserosa cells (Supplementary Table S2).

We next monitored the activity of these 73 cardiac re-
porters in the differentiated heart to compile training sets
of enhancers with activity in the different cardiac cell sub-
types. As the cells of the heart can be subdivided into in-
dividual identities based on morphological differences and
the expression pattern of distinct TFs (Figure 2A), we used
the expression of Tin, which marks a subset of CCs and PCs,
and Zinc Finger Homeobox 1 (Zfh1) which labels all PCs,
with anatomical and morphological differences of the cells
to identify every distinct cardiac cell type (5). Representa-
tive results are shown in Figure 2B with a complete annota-
tion of enhancer activities in Supplementary Table S2. Us-
ing these markers and monitoring reporter activity in the
differentiated heart, we uncovered a set of enhancers with
activity in all the PCs (22 total sequences, hereafter referred
to as ‘pan-PC’) and/or all the CCs (33 total sequences, here-
after referred to as ‘pan-CC’). Of these 73 cardiac reporters,
we identified 6 to 7 enhancers with activity restricted to the
subsets of the CCs (hereafter referred to as ‘Tin-CC’, ‘Tin-
Lb-CC’ or ‘Svp-CC’) which is an insufficient quantity to
serve as a training set for a machine learning analysis with-
out over-fitting the data. We also identified many enhancer
sequences with activity in the different PC subtypes of the
heart, including the Svp-PCs, Odd-PCs and Eve-PCs (Sup-
plementary Table S2). However, we were unable to individ-
ualize the activity of enhancer sequences in the Tin-alone or
Tin-Lb-PCs, with only one enhancer sequence (that associ-
ated with the Lb genes) with activity restricted to the Tin-Lb
PCs but not the Tin-alone PCs. As enhancer sequences are
active in both of these cell types, we refer to this class as the
‘Tin-PC’ enhancers. In total, these results identified sets of
enhancers with activities in different subsets of cardiac cells,
including pan-PC, pan-CC, Eve-PC, Tin-PC, Odd-PC and
Svp-PC.

Integrative modeling the enhancer activities of individual car-
diac cells

Here we used a machine learning approach to uncover as-
sociated regulatory elements and the discriminating charac-
teristics (sequence motifs and epigenetic features) that dif-
ferentiate these individual heart cells. Previous work has
shown that the distribution of epigenetic modifications of
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Figure 2. Individual cardiac cell states in the Drosophila heart. (A) Schematic of the previously identified distinct cardiac cell subtypes, as modified from
Ward and Skeath (31). (B) Transgenic reporter assays reveal enhancer activities in distinct cardiac cell subtypes. Stage 16 embryos stained with Bgal (green),
Tin (red) and Zfthl (blue). Arrow in DiscoDE-lacZ denotes Bgal activity in the Eve-PCs. Arrow in bib-lacZ denotes activity in Svp-PC and arrowhead
denotes Svp-CC. Arrow in CG9650' -lacZ denotes activity in Tin-alone-PCs and Tin-Lb-PCs. Arrow in Trim9-lacZ denotes activity in Odd-PC, arrowhead

denotes Tin-CC and * denotes Tin-Lb-CC.

the histone proteins and in vivo binding profiles of relevant
TFs can be used to predict cis regulatory elements and gene
activity (3,4,7,9,10,26-29). Furlong et al. have recently de-
scribed the distribution of a series of histone modifications
in sorted mesodermal nuclei from Drosophila embryos at a
developmental stage in which the cardiac precursor cells are
being specified (21). In addition, Junion et al. (22) exam-
ined the in vivo binding sites of a series of conserved car-
diogenic TFs at different developmental time points. These
include the T-box TFs (Doc), the GATA4 ortholog Pnr, the
Nkx2.5 ortholog Tin and the TFs downstream of the sig-
naling pathways for Wnt (dTCF in Drosophila) and Bmp
(phosphorylated Mad (pMad) in Drosophila). In addition
to the aforementioned TFs and histone marks, we also in-
cluded over 1000 binding motifs from available databases to
identify sequence features critical for categorizing enhancer
activities (7,9,10,16). The binding motifs and in vivo bind-
ing profiles for cardiogenic TFs and relevant histone modi-
fications were mapped onto the training set and control se-
quences (see ‘Materials and Methods’ section) and a SVM
was used to discriminate the training set from controls. To
model cell-type-specific cardiac enhancer activity, we built

separate SVM models for pan-PC, pan-CC, Eve-PC, Tin-
PC, Svp-PC and Odd-PC sequences.

We initially attempted to classify the different cell sub-
types against each other. However, this approach failed to
discriminate the training set sequences from controls as the
area under the receiver operator characteristic (AUC) curve
values ranged from 0.46 to 0.67. This result is due to the
overlap in the training set sequences, with most sequences
showing activity in more than one cell type (Supplemen-
tary Table S2), which reflects a requirement for the gene
products regulated by these enhancers in more than one cell
type. To circumvent this issue, we built separate SVM mod-
els for training set sequences from GC and length-matched
background sequence (see ‘Materials and Methods’ section
for details). Here we observed reliable classification of car-
diac cell subtype enhancers as the AUC curve varied for
the separate classifiers from 0.96 to 0.99 (Figure 3A). In
addition, enhancers predicted by these models are signifi-
cantly associated with known heart genes (Figure 3B and
C and Supplementary Table S3). Finally, we show that the
enhancer predictions of cardiac cell classifications are cell-
type-specific (Supplementary Figure S2). In total, these re-



Nucleic Acids Research, 2015, Vol. 43, No. 3 1731

—_ N
o o
L 1

o

Percentage of predicted enhancers
associated with known heart gene

O L QO QO

L L

& & F «S

IS
NS

A ,
2] pan-PC pan-CC | Eve-PC 0dd-PC Svp-PC Tin-PC
= |
.‘u;;
S |
? AUC =0.98 AUC =0.98 AUC = 0.99 AUC = 0.96 AUC =0.98 AUC =0.96
0 10 10 10 10 10 1
Specificity >
B C
30 |
40 ®Top 500
®=Top 100
30 00 - ® Expected
| ® Expected

—_
o
1

o

Percentage of predicted enhancers
associated with known heart gene

QO © QO QO 'QO 90

N & <& & &
E & <& &F ¥

Figure 3. Cardiac cell subtype classifiers perform with high specificity and sensitivity. (A) ROC curves for classifying enhancers active in the indicated
cardiac cell subtypes. Area under the ROC curve (AUC) is shown. Percentage of predicted enhancers in the neighborhood of known heart genes for the
indicated classifications as determined for the top 100 (B) and top 500 (C) top-scoring enhancer predictions. Intronic sequences were associated with their
host whereas intergenic sequences were associated with the closest gene. All comparisons to expected are significant as computed using the binomial test
with the following P-values: pan-PC (top 100 = 3.17E-12 and top 500 = 1.3E-21), pan-CC (top 100 = 3.00E-9 and top 500 = 2.87E-12), Eve-PC (top
100 = 1.75E-08 and top 500 = 4.14E-21), Odd-PC (top 100 = 6.26E-10, top 500 = 1.98E-22), Svp-PC (top100 = 4.73E-10 and top 500 = 8.01E-26) and

Tin-PC (top 100 = 6.04E-13 and top 500 = 4.24E-18).

sults confirm the generation of cardiac cell subtype-specific
cardiac classifiers that can reliably discriminate the training
set from controls.

Classifying cell-type-specific enhancer activities predicts cell-
type-specific enhancer activity and gene function

We next asked if we could use the enhancer predictions from
the individual cell-specific classifications to predict expres-
sion patterns of known cardiac genes, and to use these anno-
tated gene expression patterns to uncover the functions of
individual heart cells. To do so, we isolated the top-scoring
cardiac cell subtype enhancer prediction from each classifi-
cation for each gene with known heart expression. By focus-
ing our analysis on genes with validated cardiac expression,
we were able to confidently associate a predicted enhancer
with bona fide transcriptional targets, findings that are not
always available or included in such studies, often due to
the lack of known expression patterns for candidate target
genes. Underscoring the utility of this approach, 278 out of
284 heart genes (97.9%) were associated with a top-scoring
predicted cell-specific cardiac enhancer (Supplementary Ta-
ble S3). Out of these 278 heart genes associated with a pre-
dicted enhancer, 196 of these predictions were found within
the introns of the heart gene (70.5%), increasing the con-
fidence in its association with this transcriptional target.
We used hierarchical clustering of the prediction scores to
group related expression patterns, which uncovered distinct
clusters of cell-specific cardiac gene expression (Figure 4A).
This analysis revealed gene expression clusters specific for

the individual cardiac cell subtypes and also for the pan-
PC, pan-CC and all cardiac cell expression patterns.

With these expression clusters, we asked if we could in-
fer functions associated with these individual cardiac cell
subtypes. GO analysis for the genes within these expression
clusters, followed by the removal of redundant terms, re-
vealed functions for these gene expression clusters (Figure
4B). Genes associated with enhancers predicted to be active
in all heart cells (pan-PC/pan-CC) were associated with de-
velopmental, signaling and transcriptional functions. This
result is consistent with these genes playing a role in the
upstream regulatory network that specifies the cardiac lin-
eage. Furthermore, genes with predicted expression in all
CCs (pan-CC) were enriched for myogenic functions includ-
ing cell adhesion and the actin cytoskeleton which are ex-
pected functions for contractile cells. Interestingly, genes as-
sociated with pan-PC enhancers were associated with renal
system development, which further supports their proposed
role as insect nephrocytes (30).

This analysis also uncovered specialized functions for in-
dividual cardiac cell subtypes. For example, the Odd-PCs
were enriched for chemotaxis and locomotion functions,
suggesting these cells are responsive to migratory cues. Al-
ternatively, in the anterior segments of the embryo, Odd is
expressed in the PCs of the neighboring lymph gland which
forms the adult blood cells and it is this population of cells
which are responsive to migratory cues (31). Interestingly,
the genes associated with enhancers with predicted activity
in Tin-PCs are associated with development of endocrine
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functions (the ring gland in Drosophila is an endocrine or-
gan). Since the physiological processes of filtration, secre-
tion and reabsorption must be coordinated, this specialized
endocrine role for Tin-PCs suggests these cells may act as a
cellular relay mechanism between these components of the
insect excretory system (30). Lastly, genes associated with
enhancers with predicted activity in Eve-PCs and Svp-PCs
specialize in the production of extracellular matrix compo-
nents which is an essential aspect of proper filtration of the
haemolymph (Drosophila blood) (30). In total, these results
confirm that modeling cell-type-specific enhancer activities
can be used to both confirm and identify previously unchar-
acterized functions of individual cardiac cells.

Functional assessment of enhancers predicted by the classifier

To test the in vivo transcriptional activities of the predicted
enhancers, we used transgenic reporter assays inserted at
specific genomic loci to test 47 enhancer predictions of vary-
ing scores in the cell-specific classifications (Supplementary
Table S3). These results revealed that 46 of these 47 candi-
date enhancers were active reporters in the Drosophila em-
bryo, with 19 of these 46 active reporters (41.3%) showing
activity in the differentiated heart (Supplementary Table S3
and Figure 4). Analyses of cell-type-specific reporter activ-
ity uncovered a concordance between predicted and con-
firmed activity (Figure 5 and Supplementary Figure S3).
For example, a predicted enhancer located within the first
intron of CG5522 scores well in the pan-PC and pan-CC
classifications and poorly in the classifications of individ-

ual cardiac cell subtypes (Figure 5A). Transgenic reporter
assays confirm this result as this genomic region activates
reporter expression in all PCs and CCs of the differentiated
heart (Figure 5A). We have also used the distribution of pre-
diction scores to reveal enhancers that are active in individ-
ual cardiac cells. For example, another enhancer prediction
located within the first intron of the Dscam gene scores very
well in the Eve-PC and Odd-PC classifications (Figure 5C).
In agreement with these cell-specific predictions, we show
that this enhancer prediction is active in these two cell types
with additional activity in the Svp-PCs, thereby confirm-
ing the significant but slightly less robust Svp-PC predic-
tion score (Figure 5C). Some successful enhancer predic-
tions scored well in a cellular subtype classification as well
as in the pan-PC and pan-CC classifications. It is possible
that such regulatory elements may be composed of overlap-
ping enhancer signatures, with one DNA segment regulat-
ing pan-PC and pan-CC activity while another DNA seg-
ment enhances transcription in a different cellular subtype.
The transgenic reporter assays used to assay enhancer ac-
tivity would be insensitive to detecting such minor differ-
ences in reporter activity due to in vivo perdurance of the
reporter RNA and/or protein. In agreement with this pos-
sibility, we have previously uncovered multiple signatures in
the enhancers regulating muscle founder cell gene expres-
sion (10). Taken together, these results show that the distri-
bution of prediction scores for individual cardiac cell clas-
sifications can be used to predict enhancer activity in indi-
vidual cardiac cell subtypes.
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TF features associated with cardiac cell subtype classification

To gain an understanding of the regulatory network re-
quired for specifying individual cardiac cell fates, we next
assessed the sequence, TF binding and chromatin features
critical for the classification of each subtype of heart cell in-
cluded in our analyses (Figure 6). As features in the training
set receive positive weights, those in the control set receive
negative weights, and irrelevant features receive zero weight
in linear SVMs, we examined the classification weights asso-
ciated with the histone marks, TF binding and sequence fea-
tures relevant to the previously delineated cell-specific reg-
ulatory models.

The in vivo binding of cardiogenic TFs was next examined
as a feature at two developmental time points: (i) 4-6 h af-
ter egg laying, a time point in which the dorsal mesodermal
derivatives—which includes the precursors of the CM—are
specified; and (ii) 6-8 h after egg laying, a time point dur-
ing which the more differentiated CM is specified (22). Tin,
the Nkx2.5 ortholog in Drosophila, is first expressed in and
required to specify the dorsal mesodermal derivatives, its
expression and function then become restricted to the CM
and later there is a confinement of Tin to subsets of cells
comprising the mature heart (5). Pnr (the Gata4 ortholog
in Drosophila) and Doc (Tbx4 ortholog in Drosophila) ex-
pression intersect with Tin in the CM, and both of these
TFs are required for the differentiation of most cardiac cells
(5). Finally, the overlap of signaling by Wnt (whose down-
stream effector in Drosophila is dTCF) and Bmp (whose
downstream effector in Drosophila is phosphorylated Mad,
pMad) is critical for specification of the CM (5).

Amongst the TFs examined, the greatest enrichment is
seen with Tin at 6-8 h, which is consistent with the central
role played by Tin in the cardiac transcriptional network
in Drosophila (5) (Figure 6A). However, this interpretation
should be considered with caution as the majority of heart
enhancers in the training sets were identified based on the
presence of Tin binding sites or in vivo binding. The larger
positive classification weight at 6-8 h than at 4-6 h for Tin
supports a more critical role for Tin binding to cardiac en-
hancers when the CM is specified.

Surprisingly, since Pnr has previously been shown to be a
key regulator of cardiogenesis, the SVM weights reveal a mi-
nor role for the GATA TF Pnr binding in regulating cardiac
enhancer activity. However, this finding is consistent with
a recent report which failed to identify cardiac enhancers
due to Pnr binding (22) and suggests either a non-enhancer
role for such binding or an inability to accurately assess
such enhancers with the transgenic reporter assays used in
these studies. For example, as minimal promoters are used
in transgenic reporter assays, this result could reflect a re-
quirement for a certain promoter in vivo for enhancer activ-
ity driven by Pnr-dependent enhancers (32).

We note positive classification weights associated with
pMad, Tcf and Doc amongst the different cell types. Inter-
estingly, we found that differential SVM weights are associ-
ated with these TFs in the various cardiac subtype classifica-
tions. For example, Doc shows the greatest positive weight
for the Eve-PC classification, and every newly-identified en-
hancer with Eve-PC activity is bound by Doc (Figure 5
and Supplementary Table S3). Furthermore, pMad demon-

strates a greater SVM weight amongst the classifications of
individual cardiac cell subtypes than amongst the pan-PC
or pan-CC classifications. This outcome suggests that dif-
ferential utilization of this signaling pathway may play a
role in specifying individual cardiac cell fates. As 7 out of 11
pan-PC enhancers (63.6%) and 6 out of 8 individual cardiac
cell subtype enhancers (75%) of newly-identified cardiac en-
hancers are bound by pMad, validation of this hypothesis
requires further testing (Figure 5 and Supplementary Table
S3). In conclusion, these data show that differential SVM
weights of in vivo TF binding can be used to model cell-
specific enhancer activities.

Chromatin features associated with cardiac cell subtype clas-
sification

As numerous studies have shown that the epigenetic mod-
ifications of the histone proteins can be used as predictors
of cis regulatory element activity (3,4,21,26,33-35), we next
examined the SVM weights for multiple histone mark mod-
ifications for each cardiac cell subtype classification identi-
fied in our analyses (Figure 6B). These histone modifica-
tions were examined at the 6-8 h developmental time point
(a time at which the cardiac precursors are specified) from
sorted mesodermal nuclei (21). Surprisingly, the strongest
enrichment of any modification is tri-methylation of ly-
sine 27 on histone 3 (H3K27me3) for all cardiac cell sub-
types. We previously showed an enrichment of H3K27me3
on active mesodermal enhancers (8) which was in disagree-
ment with a previous study that revealed a depletion of
H3K27me3 on active mesodermal enhancers (21). As the
polycomb complex which is associated with silent chro-
matin primarily trimethylates lysine 27 on histone 3 (36),
the most likely explanation for these data is that they reflect
the overall enhancer activity in a heterogenous rather than
pure population of cells. Since the cells of the Drosophila
heart only correspond to a tiny population of the entire
mesoderm, and whole mesoderm was previously studied,
the apparently inconsistent observation noted here suggests
that the enhancer is repressed in the majority of the cells
(non-heart mesodermal cells) and is active in the minority
of cells examined (the fraction of the mesoderm which com-
prises the heart and its precursors). In agreement with this
interpretation, the SVM weights for H3K27me3 are greater
for the cardiac subpopulations than those with activity in
all PCs or CCs in which a larger population of total cells
would show signs of repression (Figure 6B). Furthermore,
the enrichment for acetylation of lysine 27 on histone 3
(H3K27ac) on these same enhancers suggests that they are
active in a subset of cells (Figure 6B). These results argue
that an accurate interrogation of the epigenetic signatures of
individual genomic loci requires isolating homogenous sub-
populations of cells. This point is especially relevant when
describing bivalent chromatin signatures which may reflect
the presence of either a bivalent locus in a single cell or dif-
ferent epigenetic modifications in some but not all members
of a more diverse cell population (37).

We also show that monomethylation of lysine 4 on his-
tone 3 (H3K4mel) is positively weighted amongst all clas-
sifications, consistent with its description as an enhancer
mark. In contrast, trimethylation of lysine 4 on histone 3
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(H3K4me3) and trimethylation of lysine 36 on histone 3
(H3K36me3) received either no weight or negative weights
for all classifications, consistent with their description as
marks of promoters and gene bodies, respectively (21,38).
Surprisingly, the SVM weight for the active enhancer mark
H3K27ac received no weight among Tin-PC enhancers
(Figure 6B), which may be due to the fact that H3K27ac
was seen to only mark two out of nine training set sequences
(Supplementary Figure S4). This suggests that H3K27ac
may not always associate with active enhancers in cer-
tain cell types. However, this interpretation should be re-
garded with caution as the training set was small for these
cell types and two out of two newly-identified Tin-PC en-
hancers were marked by H3K27ac (Supplementary Table
S3). Trimethylation of lysine 79 on histone 3 (H3K79me3)

was positively associated with each cardiac cell subtype clas-
sification, a result that is in agreement with a recent study
which observed H3K79me3 on a subset of developmental
enhancers (21). Interestingly, H3K79me3 showed greater
SVM weights associated with Svp-PC and Odd-PC classi-
fications than with the other models, suggesting that these
modifications may be differentially utilized amongst cardiac
cell subtypes. A large-scale validation of enhancer activities
will be required to test this hypothesis, although six out of
seven (85.7%) newly-discovered enhancers with activity in
Svp-PCs and/or Odd-PCs are marked by H3K79me3 while
7 out of 11 (63.6%) with pan-PC activity are marked by
H3K79me3 (Figure 4 and Supplementary Table S3). In any
event, such differential utilization of histone marks amongst
cell types and regulatory elements may explain the incom-
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plete association between a particular mark and a class of
regulatory element (21,33-35). Furthermore, such a cell- or
tissue-specific role for histone modifications likely explains
the tissue-specific effects of loss-of-function mutations in
histone-modifying enzymes (39). In total, these results un-
cover chromatin features that are enriched and that poten-
tially discriminate among cardiac cell subtypes.

Sequence features associated with cardiac cell subtype clas-
sification

In order to identify DNA sequence similarities and differ-
ences amongst the cardiac cell subtype classifications, we
examined the top 500 scoring sequence motifs amongst all
classifications and used hierarchical clustering of their SVM
weights to reveal clusters of similarly-acting regulatory mo-
tifs (Figure 6C). Similar to the clustering of enhancer activ-
ities, this analysis revealed motif clusters enriched amongst
each cardiac cell subtype classification and depleted or ir-
relevant to the classification of the other cardiac cells (see
clusters I, I11, IV, V, VI and VIII in Figure 6C). In addition,
this analysis revealed motifs relevant for activity in all car-
diac cells (cluster II in Figure 6C). The identification of cell-
type-specific clusters suggests a role for these motifs in me-
diating particular patterns of gene expression that are spe-
cific for different subsets cardiac cells.

Predicted sequence features discriminate individual cardiac
cell fates

The preceding section identified sequence features that po-
tentially discriminate enhancer activity in individual cardiac
cells. In order to test this hypothesis, we first identified se-
quence features that were positively weighted within a cell
subtype classification(s) and that were depleted or irrelevant
for the other cardiac subtype models. We then used cis mu-
tagenesis of a selected fraction of these sequence motifs in
transgenic reporter assays to monitor the effects of their tar-
geted removal from otherwise WT enhancers. For this pur-
pose, we analyzed the activity of five separate motifs, each of
which is predicted to discriminate regulatory element activ-
ity within subtypes of cardiac cells: V$ZF5_01, VSETS_Q4,
VS$TEF_01, VSEVI1_06 and VSMTF_01 (Figure 7 and Sup-
plementary Table S4).

The WT mibl enhancer (mibI1"7) is active in the Odd-
PCs (Figure 7A) and contains two V§ZF5_01 motifs. This
motif has a high positive weight within the Odd-PC classi-
fication, suggesting that it plays a critical role in Odd-PC
enhancer activity (Figure 7A). In agreement with this hy-
pothesis, mutagenesis of the VSZF5_01 motifs in the mibl
enhancer (mib1717) leads to a loss of reporter expression in
0Odd-PCs (Figure 7A).

We previously documented an essential role for Ets bind-
ing sites in enhancers with activity in Eve-PCs (40,41). We
now extend this observation by showing that VSETS_Q4
motifs are heavily weighted in the Eve-PC classification, and
that the two VSETS_Q4 motifs in the Docl enhancer are
critical for activity in Eve-PCs (Figure 7B). Interestingly, the
VSETS_Q4 motif is derived from binding sites for the ETS1
TF, whose ortholog in Drosophila is Pointed (Pnt) (42). In
prior studies we also showed that Pnt was critical in trans

for enhancer activity in Eve-PCs (40), a finding which fur-
ther establishes that motif enrichment in enhancers can be
used to reveal cell-type-specific TFs (10,24).

The VSTEF_01 motif is positively weighted amongst the
Eve-PC and Odd-PC classification (Figure 7C), suggest-
ing that it contributes a critical function to Eve-PC and
0Odd-PC enhancer activities. We now show that mutagen-
esis of the two VSTEF_01 motifs in the CG13822 enhancer
(CG138227EF) Jeads to a loss of reporter expression in Odd-
PCs and de-repression into Eve-PCs. The VSTEF_01 mo-
tif is recognized by thyrotroph embryonic factor, which is
a member of the proline and acidic amino acid-rich (PAR)
subfamily of basic region/leucine zipper TFs, whose closest
Drosophila ortholog is Par domain protein 1 (Pdpl) (42).
The functional role of VSTEF_01 motifs in the CG13822 en-
hancer suggests a role for Pdp! in cardiogenesis. In support
of this hypothesis, a previous functional genomic screen
uncovered a role for Pdpl in patterning the fly heart (43).
Thus, both cis and trans tests of Pdpl function are consis-
tent with each other in establishing a key role for this TF in
Drosophila cardiogenesis.

Finally, we used the SVM weights enriched amongst pan-
PC and pan-CC classifications to uncover features that are
essential for activity in all heart cells. The SVM weights for
VSMTF1.01 and VSEVI1_06 motifs are positive amongst
classifications of pan-PC and pan-CC enhancers (Figure
7D). The WT sty enhancer (sty"7) is active in all PCs and
CCs. Mutagenesis of the one VSEVI1_06 motif (sty£"7) or
the one VSMTF1_01 motif (szy™7F) in the sty enhancer ab-
rogates enhancer activity in the majority of PCs and CCs
(Figure 7D), suggesting a critical role for these motifs in
regulating enhancer activity in all heart cells. VEMTF1_01
is recognized by Metal regulatory factor 1 (MTF1) in verte-
brates and VSEVI1_06 is recognized by EVI-1 (also known
as MECOM and PRDM3) whose Drosophila orthologs
correspond to MTF1 and hamlet (ham), respectively (42).
The present identification and characterization of these TFs
makes them excellent candidates for regulating cardiogene-
sis in Drosophila. In support of this model, targeted deple-
tion of ham in the dorsal mesoderm using RNAI causes ab-
normalities in cardiogenesis (B.W.B. and A.M.M., unpub-
lished observations).

CONCLUSIONS

The distribution of histone marks, in vivo TF binding, and
the presence of TF binding motifs have all been exploited to
reveal the enhancers that govern gene expression (3,4). Here
we combined all three of these approaches using discrimi-
native machine learning methods on a training set of en-
hancers with activity in distinct subtypes of cardiac cells to
model cell-type-specific enhancer activity in the Drosophila
heart. Using this approach, we uncovered sequence, chro-
matin and TF binding features that appear to underlie en-
hancer activity in individual cardiac cells. From these find-
ings, we hypothesize that such features potentially discrimi-
nate the unique enhancer specificities of single cardiac cells,
which we empirically confirm for a series of sequence motifs
in regulating appropriate patterns of cardiac enhancer ac-
tivity. Finally, by associating a cardiac gene expression atlas
with the predicted enhancers from each cell subtype clas-
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