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Three distinct mechanisms, Notch instructive, permissive, and independent, regulate the 
expression of two different pericardial genes to specify cardiac cell subtypes in Drosophila 
melanogaster 
 
ABSTRACT 
 
The development of a complex organ involves the specification and differentiation of diverse cell 
types.  Two major cell types, contractile cardial cells (CCs) and nephrocytic pericardial cells (PCs), 
comprise the Drosophila heart, with binding sites for Suppressor of Hairless [Su(H)], an integral 
transcription factor in the Notch signaling pathway, enriched in the enhancers of genes that are 
specifically expressed in PCs.  Here we show three distinct mechanisms regulating the expression of 
two PC-specific genes, Holes in muscle (Him), and Zn finger homeodomain 1 (zfh1).  Him is regulated 
in a Notch-permissive manner: Su(H) forms a repressor complex with co-repressors that binds to the 
Him enhancer, repressing transcription in CCs; Notch signaling alleviates this repression in PCs to 
allow Him transcription.  In contrast, zfh1 is transcribed by a Notch-instructive mechanism in most 
PCs: mere alleviation of repression by preventing the binding of the Su(H) repressor complex to the 
zfh1 enhancer is not sufficient to activate transcription; zfh1 transcription requires the presence of an 
activator complex formed by the binding of the Notch intracellular domain to Su(H).  A third, Notch-
independent pathway activates transcription from the same zfh1 enhancer in the remaining, even 
skipped-expressing, PCs.  Our results illustrate how the same feature, enrichment of Su(H) binding 
sites in PC-specific gene enhancers, is utilized in two distinct ways to contribute to the same overall 
goal, the activation of the pericardial gene program, and present an example of a pleiotropic enhancer 
that is regulated by two independent mechanisms. 
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INTRODUCTION 
 
The remarkable cellular diversity observed in metazoan organs raises an important developmental 
question:  how are the specification and differentiation of the many distinct cell types comprising 
such an organ achieved?   
 
The embryonic Drosophila heart provides a particularly amenable system for addressing this 
question.  An organ that pumps hemolymph throughout the body cavity, the Drosophila heart consists 
of two groups of cells: an inner linear tube of paired contractile cardial cells (CCs) that express 
Myocyte enhancer factor 2 (Mef2), and an external sheath of nephrocytic pericardial cells (PCs) that 
express both Zn finger homeodomain 1 (zfh1) and Holes in muscle (Him) (LAI et al. 1991; SU et al. 
1999; AHMAD et al. 2014; ELWELL et al. 2015).  Neither the CCs nor the PCs constitute a uniform 
population.  In particular, the PCs can be subdivided into additional cell subtypes based on their 
positions, the complexity of their individual gene expression programs, their morphology, and even 
the distinct cell lineages that generate them (BODMER AND FRASCH 2010).  A paired row of PCs 
expressing tinman (tin) and referred to as Tin-PCs runs immediately ventral to the CC tube; PCs 
expressing odd-skipped (odd) and referred to as Odd-PCs are positioned laterally with respect to the 
CCs; and PCs expressing both even-skipped (eve) and tin, referred to as Eve-PCs, are located 
dorsolaterally (Figure 1) (AZPIAZU AND FRASCH 1993; BODMER 1993; JAGLA et al. 1997; WARD AND 
SKEATH 2000).   
 
Enhancers, stretches of DNA that are recognized and bound by particular combinations of sequence-
specific DNA binding transcription factors (TFs), determine gene expression programs at the level of 
individual cells (DAVIDSON 2006).  Previously, using a machine learning approach to identify the 
enhancers and binding motifs which determine the expression patterns of genes expressed in specific 
cardiac cell subtypes, we found that motifs corresponding to binding sites for Su(H), a transcription 
factor (TF) in the Notch signaling pathway, were enriched in the enhancers of PC-specific genes 
(AHMAD et al. 2014).  Further analysis of the enhancer of the PC-specific gene Him revealed that 
Su(H) forms a repressor complex that binds to this enhancer, with Notch signaling alleviating the 
repression in PCs to activate Him transcription (AHMAD et al. 2014). 
 
Here we show that the mechanisms by which the gene zfh1 is expressed specifically in PCs are 
completely distinct from that used for Him.  Su(H) associates with the Notch intracellular domain 
(Nicd) to form an activator complex whose binding to the zfh1 enhancer is essential for zfh1 
transcription in the Odd-PCs and Tin-PCs; mere alleviation of Su(H)-mediated repression is not 
sufficient as it was in the case of Him.  Moreover, transcription from the same zfh1 enhancer in Eve-
PCs is mediated by a third pathway independent of both Su(H) and Notch signaling.  Our results 
illustrate how the same feature, enrichment of Su(H) binding sites in PC-specific Him and zfh1 gene 
enhancers, is utilized in two distinct ways to achieve the same overall goal, the activation of the 
pericardial gene program.  Additionally, we demonstrate how one particular enhancer, that of zfh1, is 
regulated in two different ways to produce the same result, transcriptional activation, in different 
pericardial subsets. 
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MATERIALS AND METHODS 
 
Transgenic reporter constructs 
Su(H) binding sites were identified in the Him and zfh1 enhancers by scanning their sequences for 
any matches to YGTGDGAA but not TGTGTGAA as reported previously (REBEIZ et al. 2011).  Both 
wild-type enhancer regions, as well as Him and zfh1 enhancer regions with single base-pair mutations 
at these binding sites to eliminate Su(H) binding (REBEIZ et al. 2011), were synthesized in vitro 
(Integrated DNA Technologies, Coralville, IA, USA), sequence verified, and subcloned into pWattB-
nLacZ (BUSSER et al. 2012; AHMAD et al. 2014; AHMAD et al. 2016).  The resulting reporter constructs 
were targeted to the attP40 docking site with phiC31-mediated integration (GROTH et al. 2004) 
(GenetiVision, Houston, TX, USA) to create lines with wild-type enhancers driving β-galactosidase 
reporters (HimWT-lacZ and zfh1WT-lacZ) as well as lines with reporters driven by enhancers lacking 
functional Su(H) binding sites (HimSu(H)-lacZ and zfh1Su(H)-lacZ). 
 
Drosophila strains, genetics, and RNA interference assays 
Drosophila stocks containing the following transgenes were used: attP40 (GROTH et al. 2004), 
UAS-Su(H)RNAi [Su(H)HMS05748 and Su(H)HM05110] (NI et al. 2011; PERKINS et al. 2015), UAS-NRNAi 
(NHMS00001), UAS-eveRNAi (eveHMS01312), UAS-Dcr-2 (DIETZL et al. 2007), UAS-Nicd (LIEBER et al. 
2002), TinD-GAL4 (YIN et al. 1997), Hand-GAL4 (HAN AND OLSON 2005), HimWT-lacZ, 
HimSu(H)-lacZ, zfh1WT-lacZ, and zfh1Su(H)-lacZ (this study).  Activity from transgenic reporter 
constructs was examined via fluorescent immunohistochemistry for embryos with the following 
genotypes: 
 HimWT-lacZ/+ 
 HimSu(H)-lacZ/+ 

HimWT-lacZ/UAS-Su(H)RNAi; TinD-GAL4 UAS-Dcr-2/+ 
HimWT-lacZ/+; TinD-GAL4 UAS-Dcr-2/UAS-Su(H)RNAi 
HimWT-lacZ /UAS-Nicd; Hand-GAL4/+ 
zfh1WT-lacZ /+ 
zfh1Su(H)-lacZ/+ 
zfh1WT-lacZ /UAS-Su(H)RNAi; TinD-GAL4 UAS-Dcr-2/+ 
zfh1WT-lacZ /+; TinD-GAL4 UAS-Dcr-2/UAS-Su(H)RNAi 
zfh1WT-lacZ /UAS-Nicd; Hand-GAL4/+ 

 zfh1WT-lacZ /+; TinD-GAL4 UAS-Dcr-2/UAS-NRNAi 

 zfh1Su(H)-lacZ/+; TinD-GAL4 UAS-Dcr-2/UAS-eveRNAi 
The efficiency of RNAi knockdowns was enhanced by allowing embryos to develop at 29°C.  The 
TinD-GAL4 and Hand-GAL4 drivers were tested with UAS-lacZ reporters to ensure that they drove 
expression in every cardiac mesoderm and heart cell (Supplemental Figure S1A-B´´´).   
 
Immunohistochemistry 
Whole embryo fluorescent immunohistochemistry followed standard protocols (AHMAD et al. 2014; 
AHMAD et al. 2016).  The following primary antibodies were used: rabbit anti-Mef2 (1:1000, gift 
from B. Paterson; 1:7500, gift from J. Jacobs), guinea pig anti-Zfh1 (1:1000, gift from J. Skeath), 
guinea pig anti-Eve (1:100, gift from D. Kosman and J. Reinitz), rat anti-Odd (1:100, gift from D. 
Kosman and J. Reinitz) and mouse anti-β–galactosidase (1:500, Promega, Madison, WI, USA).   
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RESULTS 
 
Su(H) represses transcription mediated by the Him enhancer in cardial cells and activates 
transcription mediated by the zfh1 enhancer in most pericardial cells. 
We had previously identified a 595 bp Him enhancer (HimWT) and a 930 bp zfh1 enhancer (zfh1WT) 
with one and two Su(H) binding sites, respectively (Figure 2), that recapitulated the PC-specific 
expression of endogenous Him and zfh1 with β–galactosidase reporters in all three PC subtypes: Tin-
PCs, Odd-PCs, and Eve-PCs (Figure 3A-A´´´, 3D-D´´´) (AHMAD et al. 2014).  As we had already 
shown, abolishing Su(H) binding to the Him enhancer by mutating the Su(H) binding site (HimSu(H)) 
induces ectopic reporter activity in all of the CCs without affecting expression in PCs (Figure 3B-
B´´´) (AHMAD et al. 2014).  Similar ectopic reporter activity in the CCs mediated by the wild-type 
Him enhancer (HimWT) is also observed when Su(H) levels are depleted by RNA interference (RNAi) 
knockdown driven by the cardiac mesoderm-specific TinD-GAL4 driver (Figure 3C-C´´´; 
Supplemental Figure S1A-A´´´) (AHMAD et al. 2014).  Collectively, these observations indicate that 
Su(H) functions to repress Him activity in the cardial cells.  
 
In contrast, we find that mutagenesis of both Su(H) binding sites in the zfh1 enhancer (zfh1Su(H)) 
abolishes reporter activity in most PCs (Figure 3E-E´´´).  A more detailed analysis with PCs labeled 
with relevant antibodies shows that zfh1Su(H) eliminates reporter activity in the Odd-PCs and Tin-PCs 
but not in the Eve-PCs (Figure 4A-B´´´, 4D-E´´´).  However, unlike in the case with Him, mutation 
of Su(H) sites in the zfh1 enhancer does not result in any ectopic reporter activity in CCs.  Consistent 
with this observation, the same phenotype—absence of reporter activity in CCs, Odd-PCs and Tin-
PCs, but continued reporter activity in Eve-PCs—is also detected from the wild-type zfh1 enhancer 
(zfh1WT) when Su(H) levels in the cardiac mesoderm are depleted by RNAi (Figure 4C-C´´´, 4F-F´´´).  
Thus, the zfh1 enhancer requires Su(H) binding for activation in the majority of PCs, indicating that 
Su(H) functions as an activator of gene activity in this cardiac regulatory element, in contrast to its 
role in the Him enhancer where it serves as a repressor in CCs.   
 
Constitutive Notch signaling activates ectopic transcription from both the Him and zfh1 
enhancers in cardial cells 
The contrasting effects of eliminating Su(H) binding to the Him and zfh1 enhancers raised the question 
of whether both these enhancers are regulated by the Notch signaling pathway in the CCs, Tin-PCs, 
and Odd-PCs.  The presence of the processed intracellular domain of Notch (Nicd) has previously been 
shown to convert the Su(H) complex from a repressor into an activator for target genes (BRAY AND 
FURRIOLS 2001; BRAY AND BERNARD 2010).  We reasoned that ectopic expression of Nicd in all heart 
cells would result in the activation of wild-type Him and zfh1 enhancers in CCs, where they are 
normally repressed or inactive, if and only if these enhancers were also responsive to Notch signaling.  
Ectopic expression of Nicd throughout the entire cardiac mesoderm and heart by the Hand-Gal4 driver 
(HAN AND OLSON 2005) does indeed induce ectopic reporter activity in Mef2-expressing CCs from 
both HimWT and zfh1WT enhancers (Figure 5A-D´´´; Supplemental Figure S1B-B´´´), thereby 
indicating that both Notch signaling and Su(H) are required in unison for mediating the cell fate 
decision between Tin- and Odd-PCs and CCs.  Consistent with these results, the heart cells also appear 
disorganized, the expression of Mef2 in CCs is very weak in Hand>Nicd embryos, and ectopic Zfh1 
protein is detected in many CCs, indicating that the CCs are in the process of partially adopting 
pericardial fates. 
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Transcription mediated by the zfh1 enhancer in Eve-PCs is not dependent on Notch signaling  
The observation that eliminating Su(H) binding to the zfh1 enhancer, either by mutating Su(H) 
binding sites or depleting the Su(H) TF itself, abrogated reporter activity in Odd-PCs and Tin-PCs, 
but not in Eve-PCs, demonstrated that the activation of this enhancer in Eve-PCs occurred 
independently of Su(H).  Thus, a particularly germane question was whether the activation of the zfh1 
enhancer in Eve-PCs was also independent of Notch signaling, or whether Notch signaling utilized a 
TF other than Su(H) to activate zfh1 transcription in Eve-PCs.  To determine which of these 
hypotheses was correct, we depleted Notch in the entire heart by RNAi knockdown with the TinD-
GAL4 driver and examined reporter activity from the wild-type zfh1 enhancer.  If zfh1WT reporter 
activity was eliminated as a result in all three PC subtypes, it would indicate that Notch signaling was 
also required for zfh1 enhancer-mediated transcription in Eve-PCs.  If instead, reporter activity was 
eliminated only in the Odd-PCs and Tin-PCs, but left unaffected in Eve-PCs, it would indicate that 
zfh1 enhancer-mediated transcription in Eve-PCs is activated independently of Notch signaling.  Our 
results show that zfh1WT reporter activity is abolished in all PCs other than Eve-PCs when Notch is 
depleted (Figure 4G-G´´´), thus demonstrating that in Eve-PCs, unlike in Odd-PCs and Tin-PCs, zfh1 
transcription is activated by a Notch-independent mechanism. 
 
Transcription mediated by the zfh1 enhancer in Eve-PCs is not dependent on Eve 
This Notch-independent mechanism directing zfh1 expression must be specific solely to Eve-PCs, 
since it cannot mediate transcription from the zfh1 enhancer in Odd-PCs and Tin-PCs when Su(H) 
binding or Notch is eliminated.  Therefore, there must be a TF present in Eve-PCs, but not in the other 
PCs, that mediates the Notch-independent transcription of zfh1.  We examined whether this TF could 
be Eve itself, since the latter transcriptionally activates zfh1 in aCC and RP2 motor neurons (GARCES 
AND THOR 2006), and is expressed exclusively in Eve-PCs in the heart.  To determine if Eve is 
required for the Notch-independent mechanism mediating zfh1 transcription in Eve-PCs, we depleted 
this TF throughout all heart cells by RNAi knockdown with the TinD-GAL4 driver and examined the 
reporter activity of the zfh1 PC enhancer with mutated Su(H) binding sites.  The use of the mutated 
zfh1Su(H) enhancer ensured that there would be no redundant reporter activity in the Eve-PCs due to 
endogenous Notch signaling.  Hence, if reporter activity was diminished when Eve was depleted, it 
would imply that Eve is necessary for Notch-independent zfh1 transcription in Eve-PCs.  We detected 
no reduction in reporter activity in the Eve-PCs as a result of Eve depletion (Figure 3F-F´´´), 
indicating that some TF other than Eve mediates Notch-independent zfh1 transcription. 
 
 
DISCUSSION 
 
In both Drosophila and vertebrates, heart development entails the division, diversification, and 
differentiation of a pool of cardiac mesodermal cells into distinct cardiac subtypes (BODMER AND 
FRASCH 2010; VOGLER AND BODMER 2015; LOVATO AND CRIPPS 2016; ROTSTEIN AND PAULULAT 
2016; POELMANN AND GITTENBERGER-DE GROOT 2019).  In Drosophila, the two major heart subtypes 
are cardial and pericardial cells.  While each subtype can be divided even further based on gene 
expression, function, and morphology, all pericardial cells are defined by the exclusive PC-specific 
expression of both Him and zfh1 at a transcriptional level. (CHARTIER et al. 2002; TOMANCAK et al. 
2002; AHMAD et al. 2014; ELWELL et al. 2015)  All cardial cells, in contrast, express Mef2, which is 
required for specifying the contractile myogenic nature of that subtype (LILLY et al. 1994; NGUYEN 
et al. 1994; BOUR et al. 1995; LILLY et al. 1995; RANGANAYAKULU et al. 1995).   
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Collectively, our results here demonstrate three distinct mechanisms by which these PC-specific 
genes have their transcription restricted to pericardial cells and are prevented from being expressed 
in cardial cells: one involving Su(H), an integral component of the Notch signaling pathway, 
repressing Him transcription in CCs; a second featuring Su(H) activating zfh1 transcription in Odd-
PCs and Tin-PCs; and a third in which zfh1 transcription is activated in the Eve-PCs in a Su(H)-
independent and Notch-independent manner.  Furthermore, ectopic expression of Nicd in both CCs 
and PCs results in de-repression of reporter activity from both the Him and zfh1 enhancers in CCs, 
demonstrating that Notch signaling activates transcription mediated by both these enhancers.  This 
conclusion is also illustrated by the ectopic expression of both the endogenous Him transcript and 
Zfh1 protein in CCs when Nicd is artificially expressed in all heart cells (AHMAD et al. 2014 ; this 
study).  Note that this ectopic expression of Nicd also reduces Mef2 expression in CCs, suggesting that 
in a wild-type embryo, Notch signaling may also serve to inhibit Mef2 expression, and thus also the 
CC-specific myogenic gene program Mef2 activates, in PCs.  Additionally, since Him has previously 
been shown to act as a direct antagonist of Mef2 function (LIOTTA et al. 2007), the transcriptional 
activation of Him in PCs likely serves as yet another mechanism for repressing the CC-specific 
myogenic gene program in this subtype. 
 
Two different Notch signaling mechanisms regulate the expression of different PC-specific 
genes 
Su(H) has previously been shown to associate with co-repressors in the absence of Notch signaling 
and form a repressor complex that binds to the enhancers of target genes to prevent their transcription 
(BRAY AND FURRIOLS 2001; BAROLO AND POSAKONY 2002; BRAY AND BERNARD 2010).  Notch 
signaling, initiated by ligand binding to Notch receptors, results in a proteolytic cleavage that releases 
Nicd from the cell membrane.  Nicd then enters the nucleus, associates with Su(H), displaces the co-
repressor, and converts the Su(H) complex from a transcriptional repressor into an activator.  This 
signaling pathway allows the activation of target genes to occur by one of two mechanisms: (i) a 
Notch-permissive process in which alleviating repression through the displacement of the 
co-repressors from the Su(H) complex is sufficient to initiate transcription of certain target genes due 
to the presence of other local TF activators that are then free to exert their positive effects, or (ii) a 
Notch-instructive process, which necessitates the inductive activating effect of the Nicd-Su(H) 
complex for transcription initiation to occur (BRAY AND FURRIOLS 2001; BAROLO AND POSAKONY 
2002; BRAY AND BERNARD 2010). 
 
Our results indicate that the Him enhancer is a Notch-permissive enhancer, while the zfh1 enhancer 
belongs to the class of Notch-instructive enhancers.  In the absence of Notch signaling in CCs, co-
repressors associate with Su(H) and the resulting repressor complex prevents transcription of PC-
specific genes such as Him by a Notch-permissive mechanism (Figure 6A).  In the case of PC-specific 
genes like zfh1 that have Notch-instructive enhancers, while repression by the Su(H)-co-repressor 
complex might have an effect, it is the absence of the required Nicd-Su(H) activator complex that 
prevents transcription initiation in CCs (Figure 6E).  However, CCs express the ligand Delta 
(GRIGORIAN et al. 2011), which activates the Notch receptor in neighboring PCs, with the cleaved 
Nicd fragment associating with Su(H) and displacing the co-repressor.  For the Notch-permissive PC 
enhancers, the resulting elimination of the repressor complex in PCs is sufficient to initiate 
transcription due to the presence of other local TF activators (Figure 6A); for the Notch-instructive 
PC enhancers, it is the inductive activating effect of the Nicd-Su(H) complex in PCs which initiates 
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transcription of PC genes (Figure 6E).  These two distinct requirements for activation of transcription 
between Notch-permissive and instructive PC enhancers also explain the differences detected when 
Su(H) sites are mutated in the Him and zfh1 enhancers, or when Su(H) levels are depleted.  When the 
binding of the Su(H)-co-repressor complex to the Him Notch-permissive enhancer is prevented by 
either mutating the Su(H) motifs or reducing Su(H) protein levels, reporter expression is de-repressed 
in CCs (Figure 6B-C).  However, since the zfh1 PC enhancer is a Notch-instructive enhancer, mere 
elimination of the Su(H)-co-repressor complex is not sufficient for it to activate expression; in this 
case, transcriptional activation requires the binding of the Nicd-Su(H) activator complex.  Thus, when 
Su(H) binding is disrupted, the inability of the Su(H)-co-repressor complex to bind to the enhancer is 
not enough to bring about ectopic transcription in CCs (Figure 6F-G).  Furthermore, the Nicd-Su(H) 
activator complex can now also no longer bind to the enhancer in PCs, resulting in its inactivation in 
a subset of those cells (Figure 6F-G).  Regardless, our model unambiguously predicts that 
transcription from both the Him Notch-permissive enhancer and the zfh1 Notch-instructive enhancer 
will be initiated by ubiquitous Notch signaling in all cells of the heart, the former as a consequence 
of the alleviation of repression by the elimination of the Su(H)-co-repressor complex (Figure 6D), 
and the latter due to direct activation by the Nicd-Su(H) complex (Figure 6H).  This prediction is borne 
out by our experiments revealing that ectopic expression of both Him and zfh1 occurs in CCs when 
the Nicd is targeted to both CCs and PCs (Figure 5A-D´´´). 
 
Mutations that eliminate the function of either Notch or its ligand Delta result in the overproduction 
of CCs at the expense of PCs (MANDAL et al. 2004; GRIGORIAN et al. 2011), while loss-of-function 
mutations in numb, a gene encoding an antagonist of Notch, leads to the production of additional PCs 
at the expense of CCs (GAJEWSKI et al. 2000; WARD AND SKEATH 2000; HAN AND OLSON 2005).  
Notch signaling thus plays a crucial role in establishing distinct cardiac cell subtypes by activating 
the pericardial gene program.  Superficially, the process by which this Notch-mediated PC-specific 
expression is achieved appears quite similar in the case of both Him and zfh1: both genes are expressed 
specifically in PCs, not in CCs, and both are associated with enhancers that are enriched for Su(H) 
binding sites and drive transcription in the pericardial cells.  However, we show in this study that this 
very feature, the enrichment of Su(H) binding sites in enhancers of the PC-specific genes, is utilized 
by two strikingly distinct regulatory mechanisms, Notch-permissive in the case of Him and Notch-
instructive in the case of zfh1, to achieve ultimately the same result: specific expression of both these 
genes in PCs.  Our results emphasize how very similar developmental outcomes can arise from 
identical inputs despite using very different regulatory mechanisms, thereby underscoring the 
importance of examining in detail even those aspects of developmental phenomena that superficially 
appear to be the same. 
 
What enhancer-specific features discriminate between Notch-permissive and Notch-instructive 
enhancers?  
The results presented in this study also raise the question of what enhancer-specific features might 
discriminate between Notch-permissive and Notch-instructive regulatory mechanisms.  Our model 
suggests that while TFs binding to the Notch-instructive PC enhancers are unable to activate 
transcription in the absence of the Nicd-Su(H) activator complex (Figure 6E), Notch-permissive PC 
enhancers possess binding sites for TFs that are sufficient to activate transcription once the enhancers 
are no longer repressed (Figure 6A).  What specifically are these TFs that are sufficient to drive 
pericardial expression from Notch-permissive PC enhancers?  Our future studies will attempt to 
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identify these TFs discriminating between Notch-permissive and Notch-instructive PC enhancers by 
examining and comparing additional enhancers from each category.  
 
Two different regulatory mechanisms activate expression mediated by the same PC enhancer 
in distinct PC subtypes 
A common theme in development is the repeated use of the same gene in multiple biological contexts, 
thus requiring its expression in several distinct spatial and/or temporal domains.  The prevailing 
paradigm is that the transcription of a gene in each of these multiple domains is mediated by one or 
more enhancers unique for expression in that domain (STERN 2000; DAVIDSON 2006; CARROLL 2008; 
GILBERT AND BARRESI 2016).  Recently, however, we and other investigators discovered exceptions 
to this modular paradigm: several instances of individual cis-regulatory regions referred to as 
pleiotropic enhancers that are sufficient to drive expression in multiple domains (ZHU et al. 2012; 
LONFAT et al. 2014; SCHEP et al. 2016; PREGER-BEN NOON et al. 2018).   
 
Here we show that the zfh1 enhancer constitutes yet another rare example of such a pleiotropic 
enhancer, being able to activate transcription in Odd-PCs, Tin-PCs, and Eve-PCs.  What is 
particularly striking about the zfh1 enhancer, however, is that it activates expression in Odd-PCs and 
Tin-PCs by a Notch-instructive mechanism, and in the Eve-PCs by a Notch-independent mechanism.  
Our model explaining this phenomenon is presented in Figure 7.  We propose that the zfh1 enhancer 
contains one or more binding site(s) for a TF expressed exclusively in Eve-PCs in addition to the two 
Su(H) binding sites, and that the binding of either the Nicd-Su(H) activator complex or this Eve-PC-
specific TF to the enhancer is sufficient to initiate transcription (Figure 7A).  Thus, when the binding 
of the Nicd-Su(H) activator complex to the Notch-instructive zfh1 enhancer is prevented by mutating 
the Su(H) motifs, depleting Su(H) protein levels, or depleting Notch protein levels, binding of the 
Eve-PC-specific TF to the enhancer is still sufficient to activate transcription in the Eve-PCs (Figure 
7B-D).  However, in Odd-PCs and Tin-PCs, where the Eve-PC-specific TF is not expressed, the 
absence of binding of both the Nicd-Su(H) complex and the Eve-PC-specific TF prevents transcription 
from being activated (Figure 7B-D).  Note that our model does not necessarily preclude zfh1 
transcription in Eve-PCs from being activated by a Notch-instructive mechanism in addition to the 
Notch-independent mechanism, thereby providing this process with a degree of redundancy.  Our 
results also indicate that Eve itself is not the Eve-PC-specific TF mediating Notch-independent zfh1 
transcription.  The identity of this TF remains a pressing mystery that we intend to address in future 
studies combining single cell transcriptomics with enhancer dissection. 
 
Collectively, our study shows that three distinct regulatory mechanisms, Notch-permissive, Notch-
instructive, and Notch-independent, are responsible for the exclusive PC-specific expression of at 
least two genes that confer pericardial identity, and thus for cardiac subtype specification.  The use 
of multiple mechanisms for achieving ultimately the same goal likely reflects both the complexity of 
cardiac subtype specification, and the degree of redundancy necessary for increased robustness in the 
development of critical organs such as the heart. 
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Figure 1.  Stereotyped positions of cardiac cell subtypes.  Schematic diagram showing the relative 
positions of the nuclei of cardial cells (CCs) and three classes of pericardial cells (PCs):  Tin-PCs, 
Odd-PCs, and Eve-PCs. 
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Figure 2.  Su(H) binding sites in the Him and zfh1 enhancers.  Both the Him enhancer 
(X:18,206,943..18,207,537) and the zfh1 enhancer (3R:30,762,904..30,763,833) are located 5´ to the 
endogenous genes (Drosophila melanogaster genome sequence release 6.29).  The relative locations 
of the Su(H) binding sites on these enhancers are shown, as well as their wild-type sequences 
(uppercase).  The nucleotide substitutions used to create binding site mutations that eliminate Su(H) 
binding are shown in red lowercase. 
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Figure 3.  Su(H) functions as a repressor for the Him enhancer and as an activator for the zfh1 
enhancer.  (A-F´´´) lacZ reporter gene activity (β–galactosidase, green) driven by relevant Him and 
zfh1 enhancers in appropriate genotypes of stage 16 embryos.  All CCs express Mef2 (red) while PCs 
are marked by Zfh1 (blue).  Scale bar: 10 µm.  (A-A´´´) The wild-type Him enhancer (HimWT) is 
active only in the Zfh1-expressing PCs.  (B-B´´´) When Su(H) binding sites are mutated in the Him 
enhancer (HimSu(H)), the reporter is still active in Zfh1-expressing PCs but is also de-repressed in 
Mef2-expressing CCs (arrows).  (C-C´´´) Knockdown of Su(H) with dorsal mesoderm-targeted RNAi 
driven by the TinD-GAL4 driver induces ectopic HimWT enhancer-driven β–galactosidase reporter 
activity in CCs (arrows).  The fact that not all CCs express the same level of ectopic reporter activity 
likely reflects an incomplete RNAi knockdown of Su(H) levels in all cardiac cells.  (D-D´´´) The 
wild-type zfh1 enhancer (zfh1WT) drives lacZ reporter expression exclusively in all PCs.  (E-E´´´) 
Mutagenesis of Su(H) binding sites in the zfh1 enhancer (zfh1Su(H)) abrogates reporter activity in Odd-
PCs (arrows) and Tin-PCs (arrows) but not in Eve-PCs (arrowheads) compared to the wild-type 
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enhancer (zfh1WT).  (F-F´´´) Depletion of Eve with cardiac mesoderm-targeted RNAi driven by the 
TinD-GAL4 driver does not eliminate zfh1Su(H) enhancer-driven reporter activity in Eve-PCs 
(arrowheads). 
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Figure 4.  Transcription mediated by the zfh1 enhancer in Eve-PCs is not dependent on Su(H) or 
Notch.  (A-G´´´) lacZ reporter gene activity (β–galactosidase, green) driven by relevant zfh1 
enhancers in appropriate genotypes of stage 16 embryos.  Scale bar: 10 µm.  All CCs express Mef2 
(red) while in (A-C´´´) Odd-PCs are marked by Odd (blue), and in (D-G´´´) Eve-PCs are marked by 
Eve (blue).  (A-A´´´) The wild-type zfh1 enhancer (zfh1WT) is active in all PCs including the Odd-PCs 
(arrows), the ventrally located Tin-PCs (asterisks), and Eve-PCs (arrowheads).  (B-B´´´) When Su(H) 
binding sites are mutated in the zfh1 enhancer (zfh1Su(H)), reporter activity is only observed in Eve-
PCs (arrowheads) and abrogated in Odd-PCs (arrows).  The Eve-PC at the bottom of the panel is 
located dorsally above and masking an Odd-PC. Note that reporter expression is not detected in any 
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ventral Tin-PCs either.  (C-C´´´) Depletion of Su(H) with cardiac mesoderm-targeted RNAi driven 
by the TinD-GAL4 driver also maintains zfh1WT enhancer-driven β-galactosidase reporter activity in 
Eve-PCs (arrowheads) and almost completely eliminates reporter expression in Odd-PCs (arrows) 
and Tin-PCs.  The observation that some extremely faint reporter expression is detected in a few Tin-
PCs and Odd-PCs likely reflects an incomplete RNAi knockdown of Su(H) levels in all heart cells.  
(D-D´´´)  The wild-type zfh1 enhancer (zfh1WT) is active in all PCs including the Eve-PCs 
(arrowheads), Odd-PCs (arrows), and Tin-PCs (asterisks).  (E-E´´´) When Su(H) binding sites are 
mutated in the zfh1 enhancer (zfh1Su(H)), the reporter is only expressed in Eve-PCs (arrowheads).  (F-
F´´´) Depletion of Su(H) with cardiac mesoderm-targeted RNAi driven by the TinD-GAL4 driver also 
eliminates zfh1WT enhancer-driven β-galactosidase reporter activity in all PCs other than the Eve-PCs 
(arrowheads).  (G-G´´´)  Knockdown of Notch with cardiac mesoderm-targeted RNAi driven by the 
TinD-GAL4 driver eliminates zfh1WT enhancer-driven reporter activity in all PCs other than the Eve-
PCs (arrowheads). 
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Figure 5.  Constitutive Notch signaling activates ectopic transcription from both the Him and zfh1 
enhancers in CCs.  (A-D´´´) lacZ reporter gene activity (β–galactosidase, green) driven by wild-type 
Him and zfh1 enhancers in appropriate genotypes of stage 16 embryos.  All CCs express Mef2 (red) 
while PCs are marked by Zfh1 (blue).  Scale bar: 10 µm.  (A-A´´´) The wild-type Him enhancer 
(HimWT) is active only in the Zfh1-expressing PCs.  (B-B´´´) Overexpression of Nicd in all cells of the 
heart leads to some weakly Mef2-expressing CCs expressing both ectopic HimWT enhancer-driven β–
galactosidase reporter activity and ectopic Zfh1 protein (arrowheads) while other weakly Mef2-
expressing CCs exhibit just HimWT enhancer-driven reporter activity (arrows).  (C-C´´´) The wild-
type zfh1 enhancer (zfh1WT) is also active only in the Zfh1-expressing PCs.  (D-D´´´) Overexpression 
of Nicd in all cells of the heart also leads to both ectopic zfh1WT enhancer-driven reporter activity and 
ectopic Zfh1 protein in the weakly Mef2-expressing CCs (arrowheads). 
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Figure 6.  Schematic of the involvement of the Notch signaling pathway in determining gene 
expression decisions between PCs and CCs for Notch-permissive and Notch-instructive PC 
enhancers.  Modes of regulation essential for the activation or repression of target genes are shown 
as solid green or red arrows, respectively, while those that are insufficient are shown as dashed arrows.  
(A, E) In cardial cells, PC genes such as Him with Notch-permissive PC enhancers are repressed by 
the Su(H)-co-repressor complex (A), while those with Notch-instructive PC enhancers like zfh1 are 
prevented from being transcribed by the absence of the required Nicd-Su(H) activator complex (E).  
The Delta ligand expressed by CCs activates the Notch receptor in neighboring PCs, with the resulting 
cleaved Nicd fragment associating with Su(H) and displacing the co-repressor.  For the Notch-
permissive PC enhancers, the consequent elimination of repressor complex binding in PCs is 
sufficient to initiate transcription due to the presence of other local TF activators (A); the Notch-
instructive PC enhancers are activated by the Nicd-Su(H) complex in PCs (E).  (B, F) Mutating the 
Su(H) binding sites in either the Notch-permissive or the Notch-instructive PC enhancers prevents 
the Su(H)-co-repressor complex from binding to the enhancers in CCs and the Nicd-Su(H) activator 
complex from binding in PCs.  For Notch-permissive PC enhancers, the resulting alleviation of 
repression is sufficient to ectopically transcribe the associated gene in CCs (B); however, it is not 
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adequate for the Notch-instructive PC enhancers which require the binding of the Nicd-Su(H) activator 
complex to initiate transcription (F).  The Su(H) site mutations in the Notch-instructive PC enhancers, 
however, also preclude the Nicd-Su(H) activator complex from binding to the enhancer in PCs and 
prevent the target gene from being transcribed there (F); regardless, the absence of repression is 
sufficient to drive expression of target genes in PCs from the Notch-permissive PC enhancers (B).  
(C, G) Depleting the levels of the Su(H) TF prevents the Su(H)-co-repressor complex from forming 
and binding to the enhancers in CCs and the Nicd-Su(H) activator complex from forming and binding 
to the enhancers in PCs.  The absence of the repressor complex is sufficient to initiate ectopic 
transcription of the associated gene for Notch-permissive PC enhancers in CCs (C), while the absence 
of the Nicd-Su(H) complex prevents transcription of the associated gene in both CCs and PCs for 
Notch-instructive PC enhancers (G). (D, H) Ectopic Notch signaling in both CCs and PCs drives 
expression of target genes for both Notch-permissive and Notch-instructive PC enhancers in all cells 
of the heart, the former as a consequence of the alleviation of repression by the elimination of the 
Su(H)-co-repressor complex (D), and the latter due to direct activation by the Nicd-Su(H) activator 
complex (H). 
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Figure 7.  Model for the regulation of the zfh1 enhancer by a Notch-instructive mechanism in CCs, 
Odd-PCs, and Tin-PCs, and by a Notch-independent mechanism in Eve-PCs.  Modes of regulation 
essential for the transcriptional activation of zfh1 are shown as solid green arrows, while those that 
are insufficient are shown as dashed arrows.  (A) In cardial cells, the absence of both the Nicd-Su(H) 
activator complex and the Eve-PC-specific TF binding to the zfh1 enhancer prevents zfh1 from being 
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transcribed.  The Delta ligand expressed by CCs activates Notch receptor in neighboring PCs, with 
the resulting cleaved Nicd fragment associating with Su(H) and displacing the co-repressor in Odd-
PCs, Eve-PCs, and Tin-PCs.  In the Odd-PCs and Tin-PCs, the binding of the Nicd-Su(H) activator 
complex to the zfh1 enhancer initiates transcription.  In the Eve-PCs, the binding of either the Eve-
PC-specific TF or the Nicd-Su(H) complex to the zfh1 enhancer is sufficient to activate transcription.  
(B) Mutating the Su(H) binding sites prevents the Nicd-Su(H) activator complex from binding to zfh1 
enhancer in all CCs and PCs.  In Odd-PCs and Tin-PCs which also lack the Eve-specific TF, the 
absence of binding of either of these activating complexes/TFs prevents zfh1 transcription.  In 
contrast, in Eve-PCs, the Eve-PC-specific TF is present, binds to the zfh1 enhancer, and is sufficient 
to activate transcription.  (C) Depleting the levels of the Su(H) TF prevents the Nicd-Su(H) activator 
complex from forming and binding to the enhancers in all PCs.  In Odd-PCs and Tin-PCs, its absence 
and that of the Eve-PC-specific TF prevents zfh1 transcription.  In Eve-PCs, the binding of the Eve-
PC-specific TF to the zfh1 enhancer, even in the absence of the Nicd-Su(H) complex, is sufficient to 
initiate transcription.  (D) Depleting the levels of Notch protein also prevents the Nicd-Su(H) activator 
complex from forming and binding to the enhancers in all PCs.  As in (C), the absence of both the 
Nicd-Su(H) complex and the Eve-PC-specific TF prevents zfh1 transcription in Odd-PCs and Tin-PCs.  
But in Eve-PCs, where the Eve-PC-specific TF is present and able to bind to the zfh1 enhancer, 
transcription is activated. 
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Supplemental Figure S1.  TinD-GAL4 and Hand-GAL4 drive expression in all heart cells.  (A-B´´´) 
UAS-lacZ reporter gene activity (β–galactosidase, green) driven by TinD-GAL4 (A) and Hand-GAL4 
(B) drivers in stage 16 embryos.  All CCs express Mef2 (red) while PCs are marked by Zfh1 (blue).  
Note that all CCs and PCs express the reporter, albeit at somewhat different levels. 
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