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Abstract 

 

Transcription is initiated at the core promoter, which confers specific functions depending on the 

unique combination of core promoter elements. The downstream core promoter element (DPE) is 

found in many genes related to heart and mesodermal development. However, the function of these 

core promoter elements has thus far been studied primarily in isolated, in vitro or reporter gene 

settings. tinman (tin) encodes a key transcription factor that regulates the formation of the dorsal 

musculature and heart. Pioneering a novel approach utilizing both CRISPR and nascent 

transcriptomics, we show that a substitution mutation of the functional tin DPE motif within the natural 

context of the core promoter results in a massive perturbation of Tinman’s regulatory network 

orchestrating dorsal musculature and heart formation. Mutation of endogenous tin DPE reduced the 

expression of tin and distinct target genes, resulting in significantly reduced viability and an overall 

decrease in adult heart function. We demonstrate the feasibility and importance of characterizing DNA 

sequence elements in vivo in their natural context, and accentuate the critical impact a single DPE 

motif has during Drosophila embryogenesis and functional heart formation. 	
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Introduction	

Transcription initiation by RNA Polymerase II (Pol II) occurs at the core promoter region (–40 to +40 

relative to the transcription start site (TSS)), which is often referred to as the “gateway to transcription” 

(Heintzman and Ren 2007; Juven-Gershon et al. 2008b). Although the core promoter was previously 

regarded as a universal component that functions by a similar mechanism for all the protein-coding 

genes, it is nowadays appreciated that core promoters are divergent in their composition and function, 

with a growing body of evidence indicating that each individual core promoter is rather unique. Core 

promoters may contain one or more short DNA sequence motifs, termed core promoter elements or 

motifs, which confer specific properties to the core promoter (Goldberg 1979; Smale and Baltimore 

1989; Burke and Kadonaga 1996; Lo and Smale 1996; Burke and Kadonaga 1997; Lagrange et al. 

1998; Kutach and Kadonaga 2000; Ohler et al. 2002; Lim et al. 2004; Deng and Roberts 2005; 

Tokusumi et al. 2007; Hendrix et al. 2008; Anish et al. 2009; Parry et al. 2010; Theisen et al. 2010; 

Vo Ngoc et al. 2017; Wang et al. 2017; Vo Ngoc et al. 2020). Interestingly, distinct core promoter 

compositions were demonstrated to result in various transcriptional outputs and to be associated with 

specific gene regulatory networks (Danino et al. 2015; Haberle and Stark 2018; Vo Ngoc et al. 2019; 

Sloutskin et al. 2021).  

The downstream core promoter element (DPE) is enriched in the promoters of developmentally-

regulated genes, including most homeotic (Hox) genes (Juven-Gershon et al. 2008a) and those 

regulating dorsal-ventral patterning (Zehavi et al. 2014a; Zehavi et al. 2014b). Interestingly, the DPE 

is also found in the promoters of many genes involved in heart and mesodermal development 

(Sloutskin et al. 2015), including tinman (tin). tinman encodes an extensively studied transcription 

factor that orchestrates the formation of the heart and heart-associated tissues during Drosophila 

embryonic development (Azpiazu and Frasch 1993; Bodmer 1993). Tinman plays a key role in early 

mesoderm patterning and is essential for the formation of all dorsal mesodermal derivatives, which in 

addition to working cardioblasts, valve cardioblasts and pericardial cells, include visceral and specific 

somatic muscles (Cripps and Olson 2002; Zaffran et al. 2006; Bryantsev and Cripps 2009; Reim and 

Frasch 2010; Rotstein and Paululat 2016). Genome-wide approaches have identified Tinman binding 
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sites, which led to the discovery of additional Tinman-responsive enhancers and Tinman target genes 

(Liu et al. 2009; Jin et al. 2013).  

Substitution mutations of the DPE element in isolated tinman core promoters has previously been 

shown to significantly reduce transcriptional output in reporter transfection assays and in vitro 

transcription analysis with embryonic extracts (Zehavi et al. 2014a). However, in the genome, 

mutations in regulatory elements are often buffered, in part due to a diversity of sequence-specific 

transcription factors and the functional redundancy of regulatory motifs (Jin et al. 2013; Spivakov 

2014; Osterwalder et al. 2018). To explore a possible function of the DPE motif in regulating heart 

and mesodermal development, as well as to promote the study of core promoter elements within their 

native genomic context in vivo, we mutated the DPE motif of the tin core promoter (tinmDPE) using a 

CRISPR-based strategy (Levi et al. 2020). We found that mutation of the DPE motif is sufficient to 

reduce tin expression, at both the RNA and protein levels, with no accompanied changes detected in 

tin expression patterns. Although the dorsal vessel is formed in tinmDPE homozygous embryos, both 

alleles are required for survival, with one copy of tinmDPE being unable to fully compensate for the loss 

of a tinman allele. Importantly, major defects in adult heart physiology were observed. Nascent 

transcription analysis of tinWT and tinmDPE embryos detected differential expression of tin target genes, 

many of which are implicated in heart development and tube formation. Moreover, DPE-like motifs 

are significantly enriched among the differentially regulated peaks. 

Altogether, our results demonstrate the feasibility and importance of studying core promoter elements 

in their native genomic context, demonstrate the function of the DPE motif of tin in dorsal vessel 

specification in Drosophila, and highlight the importance a single core promoter element can have in 

development, viability and functional heart formation. 

 

 	

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 12, 2023. ; https://doi.org/10.1101/2023.06.11.544490doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.11.544490
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
 

5 

Results	

Reduced expression levels of endogenous tinman in the mDPE strains 

To investigate the contribution of the DPE motif to the regulation of the tin gene in vivo, we utilized 

the co-CRISPR approach to substitute the endogenous DPE sequence (AGACACG) with CTCATGT 

((Levi et al. 2020), Fig. 1A). Using in vitro transcription and reporter gene analysis, this 7bp mutation 

was previously shown to reduce expression of DPE-containing promoters, including tin (Burke and 

Kadonaga 1997; Kutach and Kadonaga 2000; Zehavi et al. 2014a). Two independent tinmDPE 

Drosophila melanogaster strains, namely F3 and M6, were extensively characterized in this study, 

and compared to the injected strain, Cas9, which is referred to as tinWT. Quantification of endogenous 

tin RNA levels in tinWT and tinmDPE embryos within 1h windows during the first 8 hours of embryonic 

development (up to Bownes developmental stage 12 embryos, Fig. 1B) revealed a marked reduction 

of endogenous tin expression levels in tinmDPE embryos. Differences in tin expression levels were 

evident starting from the earliest tested timepoint (0-1h), and were most substantial at 3-4h, when 

Tinman activity becomes critical for mesoderm development (Yin et al. 1997; Zaffran et al. 2006). 

Later in development (6-7h and 7-8h, stage 11-12), tin levels were indistinguishable between tinmDPE 

and tinWT embryos. Despite differences in tin expression levels at 0-6h, no apparent differences in the 

tin expression pattern were detected in early tinmDPE and tinWT embryos by in situ hybridization 

(Supplemental Fig. S1). Both tinmDPE strains and tinWT exhibit tin expression pattern that highly 

matches the reported one (Bodmer et al. 1990; Azpiazu and Frasch 1993; Bodmer 1993).  

To examine whether the DPE mutation impacts Tinman protein levels, we performed western blot 

analysis. While at 2-4h Tinman protein levels were below detectability, 4-6h and 8-10h tinmDPE 

embryos showed about a 2-fold decrease compared to tinWT (Fig. 2A, B, Supplemental Fig. S2). 

Staining the embryos with antibodies against Tinman revealed a normal staining pattern in the dorsal 

mesoderm for both tinmDPE and tinWT embryos (Fig. 2C), recapitulating the observations at the RNA 

level. Thus, mutation of the endogenous tin DPE results in reduced tin RNA and protein expression 

levels, whereas the spatial localization of tin RNA and protein are not affected. 
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Functional consequences of reduced Tinman expression 

tinman encodes a homeodomain transcription factor and is a master regulator of mesoderm and heart 

development (Bryantsev and Cripps 2009). We therefore tested the endogenous expression levels of 

the following Tinman target genes in 4-6h tinWT and tinmDPE embryos (stages 8-10)- Dorsocross 2 

(Doc2), seven up (svp), Myocyte enhancer factor 2 (Mef2) and even skipped (eve), along with tin 

expression (Fig. 3A). Doc2 and svp are two genes required to generate the developing heart that are 

regulated by Tinman (Lo and Frasch 2003; Reim and Frasch 2005; Ryan et al. 2007). Indeed, both 

Doc2 and svp are downregulated in tinmDPE strains at the 4-6h timepoint. Mef2 and Eve were shown 

to be perturbed in classical tin knockouts (Azpiazu and Frasch 1993; Bodmer 1993; Gajewski et al. 

1997). Although Mef2 and eve RNA levels were slightly elevated in early tinmDPE embryos (stage 8-

10), the formation of an apparently normal dorsal vessel in late tinmDPE embryos (stage ≥13) was 

evident, based on either Mef2 or Eve protein localization (Fig. 3B,C). The use of LacZ combined with 

Odd-skipped (Odd), a key marker of pericardial cells (Ward and Skeath 2000), enabled the distinction 

between homozygous and heterozygous tinnull embryos (Supplemental Fig. S3). tin null homozygotes 

display no overall Tinman staining and dorsal-vessel specific Odd staining, while in tin null 

heterozygotes a dorsal vessel is detected by the presence of Tinman and Odd staining. Misexpression 

of Odd, specifically in tinmDPE embryos, was detected, presenting an ectopic Odd pattern almost 

completely masking the Odd-positive pericardial cells (Supplemental Fig. S4). Nevertheless, based 

on Tin and Odd staining patterns, dorsal vessel formation is evident in homozygous tinmDPE embryos. 

 

Viability and adult heart function are reduced upon mutation of endogenous tinman 

DPE 

In contrast to tin null homozygous flies (Azpiazu and Frasch 1993), tinmDPE homozygous flies were 

viable but appeared frail. We therefore tested whether a single tinmDPE allele can compensate for the 

loss of tin by crossing tinWT and tinmDPE flies to flies with a tin null allele maintained over a balancer 

(tin346/TM3 eve-lacZ). Eclosed flies were scored for the Stubble (Sb) phenotype (shortened and thick 
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bristles; indicative of the TM3 balancer), which enables the distinction between the examined allele 

over tin346 (non-Sb) or over a WT (balancer, Sb) allele. Thus, a non-Sb/Sb ratio reflects the presence 

of tinWT or tinmDPE in trans to tin null allele. For full compensation by the WT allele, we expect the non-

Sb/Sb ratio to be equal to 1, i.e., same numbers of rescued tin346/tinWT flies and tin346/TM3. Strikingly, 

only half of the number of viable flies are produced in tinmDPE/tin346 as compared to tinWT/tin346 (Fig. 4). 

These data indicate a substantial decrease in viability when tinmDPE is present as a single copy, in 

contrast to a single copy of the tin WT allele when tested in trans to a null allele. These results strongly 

support the notion that the reduced function of tinmDPE is due to its decreased mRNA expression levels. 

We next tested whether tin DPE is necessary for heart function and analyzed the hearts of tinmDPE 

homozygous adult flies for defects using semi-automated heart analysis (SOHA, (Fink et al. 2009)). 

Adult WT and mDPE females were dissected, and their hearts were imaged using high-speed video 

recording, followed by determination of spatial and temporal parameters (e.g., heart diameters during 

diastole (DD), systolic intervals (SI) and stroke volume). Both tinmDPE alleles have smaller diastolic 

diameters (Fig. 5A) and reduced contractility (measure by fractional shortening, FS, Fig. 5B), resulting 

in a reduced stroke volume (Fig. 5C). Furthermore, tinmDPE mutant hearts show longer systolic 

intervals (SI, Fig. 5D) indicating prolonged contraction intervals. This indicates that the tin DPE is 

required to establish proper heart physiology. 

 

Nascent transcription analysis following tinman DPE mutation reveals significant 

changes in muscle and heart transcriptomes, preferentially among genes with DPE 

motifs 

 
The reduced viability and functional heart parameters of tinmDPE flies indicated that this 7bp substitution 

mutation within a single promoter results in major transcriptional changes. To capture and quantify 

these changes genome-wide, we captured active or ‘nascent’ transcription, which offers a high-

resolution of impacted genomic loci and the underlying gene regulatory programs (Wissink et al. 

2019). In addition, combining nascent assays with 5’Cap selection enables the precise determination 
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of the transcription initiation position and consequently the detection of any alternative initiation sites 

(Policastro and Zentner 2021). Nuclei isolation as needed for most nascent methods (Wissink et al. 

2019) results in significant bias when digesting tissues (Lepage et al. 2021) or embryos, while 

mechanical tissue homogenization results in preferential loss of fragile cells. We therefore performed 

capped small (cs)RNA-seq, which similar to GRO-cap accurately captures nascent transcription start 

sites (TSSs) from total RNA (Duttke et al. 2019; Yao et al. 2022). Analysis of tinmDPE and tinWT embryos 

collected at 0-2h, 2-4h, 4-6h and 6-8h time intervals confirmed markedly reduced tin levels in tinmDPE, 

especially at 2-4h (Fig.6A). No alternative TSSs were detected (Supplemental Fig. S5).  

Principal component analysis (PCA) shows that samples first cluster by time, and then by mDPE 

versus WT alleles (Fig. 6B). In accordance with tin RT-qPCR results, the main overall difference 

between the mDPE and WT alleles is at the 2-4h timepoint. Within each timepoint, the F3 and M6 

samples clustered apart from Cas9 samples, indicating some impairment in overall transcription and 

developmental programs.  

Peaks were annotated based on the EPDnew database (Supplemental Fig. S6), which identifies TSSs 

based on the 5’ cap of transcripts and quantifies the expression levels of individual transcripts based 

on experimental data (Meylan et al. 2020). HOMER (Heinz et al. 2010) was used to cluster the csRNA-

seq peaks according to their expression, and analyze the groups for enriched motifs and GO terms 

(Supplemental Fig. S7, Supplemental File S1). The resulting clusters present either similar or 

differential tinmDPE and tinWT expression (Supplemental File S2). The differential expression 

encompasses several modes, for example tinmDPE expression being lower than tinWT and alternating 

expression patterns (Fig. 6C, top, clusters #193 and #19, respectively). All the depicted clusters are 

similarly enriched for general GO terms, such as regulation of gene expression and embryo 

development, while differentially expressed clusters (#193, #19 and #977) are specifically enriched 

for heart and muscle structure formation GO terms (Fig. 6C, bottom). Interestingly, nervous system 

development is also associated with the differentially expressed clusters.  

In each time interval, differentially expressed peaks were enriched for DPE-like motifs (Fig. 7A). Given 

that the differentially expressed peaks for each timepoint are not overlapping (Supplemental Fig. S8), 

the similarity of the over-represented motifs is striking. While the exact motif composition and 
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enrichment varies across the examined timepoints, combining the peaks that are differentially 

expressed at least in one timepoint revealed a common DPE-like motif. This common motif is 

significantly enriched in all differentially expressed peaks (Fig. 7B). As expected from a canonical 

DPE motif, all the DPE-like motifs are strictly positioned at the csRNA-seq peaks center 

(Supplemental Fig. S9). Taken together, we demonstrate the in vivo importance of a single core 

promoter element, the DPE motif (Fig. 7C). This 7bp change within the tinman promoter was sufficient 

to decrease Tinman levels resulting in marked changes of nascent transcription patterns, specifically 

of DPE-containing genes required for muscle and heart formation. Moreover, the insufficiency of a 

single tinmDPE copy to support viability in a deficient background highlights its critical role in establishing 

the adequate Tinman levels required for functional heart formation. 
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Discussion	

Mutation of tinman DPE alters transcriptional programs regulating heart development 

In this study, we present a detailed characterization of flies harboring a mutation in the endogenous 

sequence of a downstream core promoter element, the DPE motif. The 7bp substitution in the 5’UTR 

of the tin gene resulted in reduced expression of both RNA and protein levels in the mDPE embryos 

(Figs. 1-3; Supplemental Fig. S2), albeit with no apparent change in expression patterns detected 

using RNA in situ hybridization or antibody staining (Fig. 2C, Supplemental Fig. S1). Interestingly, 

Mef2 and Eve protein expression patterns are not affected by the tin DPE mutation, while the Doc2 

and svp RNA levels are markedly reduced in 4-6h mDPE embryos (Fig. 3). In the Drosophila heart, 

Tinman activates svp (Ryan et al. 2007), which encodes a repressor that acts through both DNA-

binding competition and protein-protein interactions (Zelhof et al. 1995). eve expression in pericardial 

cells is Doc2-independent (Reim and Frasch 2005), suggesting that the reduction of Tinman levels 

following the DPE mutation differentially affects its target genes. Notably, the specification of Svp-

expressing cells is additionally regulated by Hox genes, establishing the anterio-posterior polarity of 

the dorsal tube (Lo and Frasch 2003). While the majority of the Hox genes and mesodermal targets 

are DPE dependent (Juven-Gershon and Kadonaga 2010; Sloutskin et al. 2021), it remains to be 

discovered whether Hox-driven patterning of the dorsal tube is mediated via the DPE. 

Strikingly, both tinmDPE independent fly lines have an overall decrease in adult heart function as 

compared to the WT. The functional reduction was demonstrated through structural and temporal 

aspects, wherein mDPE strains exhibited diminished diastolic diameters and decreased contractility, 

resulting in elongated contraction intervals and reduced stroke volume (Fig. 5). These results highlight 

the in vivo importance of the DPE. The functional effects manifested in the adult heart may result from 

reduced expression of Tinman target genes required for normal heart physiology in the adult heart. 

The observed diminished heart function may also be due to subtle morphological alterations in the 

embryonic heart. 

Developmental programs are largely executed by transcription of the relevant genes. Capped-small 

RNA-seq (csRNA-seq) was developed in order to accurately quantify changes in transcription 
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initiation during dynamic processes (Duttke et al. 2019). We applied csRNA-seq to study 

transcriptional dynamics at 2h resolution, comparing tinWT and tinmDPE embryos from 0 to 8h of 

development. Detected peaks were assigned to genes and clustered based on similar expression 

pattern. Reassuringly, development-related GO terms were enriched in most clusters, while heart-

related and tube formation GO terms were associated with differentially regulated genes (Fig. 6). 

Together, our results further demonstrate the specificity of the generated tin DPE mutation, leading 

to a reduction of tin levels and specifically altering transcriptional programs governing the functional 

heart formation.  

 

Functional compensation in tinman mutant DPE embryos  

Remarkably, while homozygous tinmDPE flies are viable, they cannot fully compensate for the loss of 

tin (Fig. 4). Nevertheless, despite the reduced Tinman levels in the tinmDPE embryos, a dorsal vessel 

with a normal pattern of four Tinman-expressing cardioblasts is formed, presenting a very similar 

pattern to tin null heterozygotes. The viable phenotype of the tinmDPE flies strongly suggests the 

existence of a compensatory mechanism that ensures that heart development is resistant to small-

scale perturbations. In fact, several key mesodermal transcription factors, mainly Tinman, Pannier 

and Doc2, can bind the same genomic loci and define cardiac enhancers (Zinzen et al. 2009; Junion 

et al. 2012; Jin et al. 2013). Moreover, it was suggested that functional flexibility exists, where the 

jointly bound transcription factors (TFs) cooperate to recruit the relevant TF to lower-affinity binding 

sites (Frasch 2016). In such a case, it is more plausible that the target enhancer will be activated even 

in the presence of lower levels of the Tinman protein, resulting from the perturbation to the tin DPE 

sequence motif. Consistent with the existence of a compensatory mechanism, not all Tinman target 

genes are affected by the reduction of Tinman levels in tin mDPE flies. Our findings provide further 

evidence for the complexity of the mesodermal regulatory network, which contains some redundant 

connections that are challenging to detect with standard genetic experiments. This redundancy may 

support fine-tuning of expression circuits, which in turn generates a gene regulatory network that is 
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more resistant to disruption. In this regard, the tinman DPE can be thought of as fine-tuning its 

expression.  

Potential impact of the DPE motif on transcriptional regulation and dynamics in vivo 

Compatibility between specific promoters and enhancers was demonstrated to be functional in 

different organisms (Butler and Kadonaga 2001; Zabidi et al. 2015; Lim and Levine 2021; Martinez-

Ara et al. 2022). During development, tin is expressed in the head, trunk mesoderm, dorsal mesoderm 

and in cardioblasts. Each expression pattern represents a specific developmental stage, and is 

explicitly controlled by a distinct enhancer integrating the relevant regulatory signals  (Yin et al. 1997). 

These characterized enhancers were cloned and used to demonstrate that early Tinman expression 

is sufficient for dorsal vessel development and mesoderm specification (Zaffran et al. 2006). 

Remarkably, tin levels show the most pronounced decrease during the 3-4-hour developmental phase 

(Fig. 1B), precisely when twist activates tin. These results suggest that the interaction between the 

twist-dependent intronic enhancer (Yin et al. 1997) and the tin promoter is highly sensitive to the 

presence of a functional DPE motif. However, it remains to be determined whether the function of a 

specific enhancer is disturbed in the tinmDPE embryos.  

In Drosophila embryos, core promoter composition affects transcriptional dynamics profiles, detected 

with MS2-based reporters and a shared enhancer (Fukaya et al. 2016). Furthermore, the spacing of 

enhancer-promoter pair modulates gene activity by changing the temporal and quantitative 

parameters of transcriptional bursts in the developing Drosophila embryo (Yokoshi et al. 2020). Direct 

examination of TATA-box and Initiator elements using synthetic constructs in Drosophila revealed 

differences in the modes of action of these motifs (Pimmett et al. 2021). The essential role of native 

TATA box and DPE motifs within the fushi tarazu (ftz) promoter in transcriptional dynamics regulation 

was recently demonstrated in vivo (Yokoshi et al. 2022). While the proper expression of ftz requires 

both motifs, the DPE was found to regulate transcriptional onset, and the TATA-box to affect overall 

intensity. Our findings demonstrate that in the tin promoter, which lacks a natural TATA box, mutation 

of the DPE motif is sufficient to reduce overall nascent RNA levels (Fig. 6A). A comprehensive 
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analysis of the regulation of transcriptional dynamics by endogenous promoter motifs will help to fully 

elucidate their fascinating roles during embryonic development. 

 

Prospective relevance of the DPE motif for human cardiogenesis 

The vertebrate tinman homolog, Nkx2-5, is required for heart specification and is expressed in early 

cardial progenitors (Harvey 1996). The molecular mechanisms controlling heart formation are highly 

conserved in evolution from flies to humans (reviewed in (Bodmer and Venkatesh 1998; Cripps and 

Olson 2002; Rotstein and Paululat 2016)). Vertebrate Nkx2-5 mutants are able to properly specify 

cardiac progenitor cells, however the final organization of the heart is disturbed (Lyons et al. 1995; 

Targoff et al. 2008; Targoff et al. 2013). Interestingly, additional Nkx2-family members cannot 

compensate for the specific loss of Nkx2-5, demonstrating the strong specific requirement of Nkx2-5 

and possibly its cofactors (Stutt et al. 2022). 

The DPE motif was originally discovered as conserved from flies to human (Burke and Kadonaga 

1997), yet for many years, only a few human genes were experimentally shown to contain a functional 

DPE (Burke and Kadonaga 1997; Zhou and Chiang 2001; Duttke 2014). Recently, machine learning 

models were used to define the downstream core promoter region (DPR) in human and Drosophila 

(Vo Ngoc et al. 2020; Vo Ngoc et al. 2023). In parallel, preferred downstream positions required for 

proper transcriptional output were identified (PDP, (Dreos et al. 2021)). Interestingly, the core 

promoter of the human Nkx2-5 contains both the DPR and PDP motifs. It remains to be determined 

whether Nkx2-5 levels are controlled by its core promoter composition. If so, this would suggest that 

the regulatory function of the DPE during heart formation is not limited to Drosophila but is rather 

conserved, along with many components of the gene regulatory network. Notably, multiple cardiac 

pathologies (e.g., septal openings and conduction defects) result from mutations in the coding region 

of Nkx2-5 (Schott et al. 1998; Benson et al. 1999; Elliott et al. 2003; McElhinney et al. 2003). Thus, it 

is conceivable that, in addition to mutations in the protein coding region of Nkx2-5, homozygous or 

heterozygous mutations in downstream core promoter motifs of Nkx2-5 could likewise be responsible 

for congenital heart defects. 
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In summary, we demonstrated the in vivo contribution of a single core promoter element, namely the 

DPE motif, to the regulation of the tin gene and its developmental gene regulatory network. This 

exemplifies the contribution of the endogenous core promoter to transcriptional regulation during 

Drosophila melanogaster embryogenesis, thus paving the way for further exciting discoveries related 

to transcriptional regulation of developmental genes via their core promoter.  
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Materials	and	Methods	

Fly culture and stocks 

Flies were cultured and crossed on standard media (cornmeal, yeast, molasses, and agar) at 25°C, 

60% relative humidity and under a 12h light/12h dark cycle. All the described embryonic development 

was performed at 25oC. F3 and M6 tinmDPE strains were generated based on a white co-conversion 

approach (Ge et al. 2016) using ssODN, as detailed in (Levi et al. 2020). Cas9 is shorthand for the 

injected strain that was used as tinWT control in all the experiments. w; tin346/TM3, eve-lacZ is a 

balanced null allele described in (Azpiazu and Frasch 1993). 

RNA extraction and Real Time PCR analysis 

0-8h embryos were collected and aged at 25oC as indicated. For each time point, WT (Cas9) and two 

independent mDPE (F3, M6) strains were collected and processed in parallel. Total RNA was 

extracted from dechorionated embryos using the TRI Reagent (Sigma-Merck) according to the 

manufacturer’s protocol, followed by ethanol precipitation for further purification. 1 μg RNA was further 

used for cDNA synthesis (qScript cDNA Synthesis Kit, Quantabio). Quantitative PCR using SYBR 

green (qPCRBIO SyGreen Blue Mix, PCR Biosystems) was performed using a StepOnePlus Real-

Time PCR machine. Control reactions lacking reverse transcriptase were also performed to ensure 

that the levels of contaminating genomic DNA were negligible. Transcript levels were analyzed by the 

ΔΔCT method using Polr2F (RpII18) as an internal control. Each sample was run in triplicates. 

Statistical analysis was performed using ‘HH’ R package (https://CRAN.R-project.org/package=HH), 

with mean and standard deviation values exported from StepOnePlus software.  

Primer sequences are provided in Supplemental File S4.  

Western blot analysis 

Protein extracts from dechorionated embryos were prepared in 2X DTT-based sample buffer at a final 

concentration of ~0.5mg embryos/µl. 10µl of the sample was analyzed using 10% SDS-PAGE gel, 

followed by rabbit anti-Tinman polyclonal antibodies (1:1000 in 3% BSA, (Yin et al. 1997)) and then 

by goat-anti-rabbit IgG-HRP (1:5000 in 5% milk, Jackson ImmunoResearch). HRP signal was 
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detected using EZ-ECL kit (Biological Industries), and imaged using ImageQuant LAS 4000 

instrument (GE). The use of the Tinman antibody results in background bands, however the major 

band is above the 45kDa size marker, as predicted. The same membrane was stripped (ST010, Gene 

Bio-Application) and re-blotted with mouse anti-Actin monoclonal antibodies (1:1000 in 3% BSA, 

Abcam ab8227) to ensure proper gel loading. Images were quantified using the “Gels” analysis 

feature of ImageJ software; each sample was normalized to the detected Actin levels. Statistics was 

calculated with two-tailed Students t-test function. 

Immunostaining and staging Drosophila embryos 

Dechorionated embryos were fixed in freshly prepared 1:1 mixture of heptane and 3.7% 

paraformaldehyde solution (diluted 1:10 in PBS) for 20 min with vigorous shaking. Devitellinization 

was performed in heptane:methanol 1:1 solution, and embryos were stored in methanol at -20ºC. 

Before staining, embryos were washed 3 times in PBST (0.1% Tween-20 in PBS) and blocked in 2% 

BSA supplemented with 0.2% fetal calf serum. Embryos were incubated overnight at 4ºC with the 

following primary antibodies as indicated: rabbit anti-Tinman (1:800), anti-Eve (1:800), anti-Mef2 

(1:800), guinea pig anti-Odd (1:200, #805 from Asian Distribution Center for Segmentation Antibodies, 

distributed by Prof. Zeev Paroush) and mouse anti-LacZ (1:1000, Promega z3781). Detection was 

performed using mainly goat anti-rabbit IgG H&L (DyLight® 488) (1:500, Abcam ab96883), Cy3-

donkey anti guinea pig IgG H+L (1:1000, JacksonImmunoResearch 706-165-148) and Cy5-goat anti-

mouse IgG H+L (1:000, JacksonImmunoResearch 115-175-166). Embryos were counter-stained with 

Hoechst 33342 (Sigma-Aldrich), and mounted in n-propyl gallate based anti-fade mounting medium 

(5% w/v n-propyl gallate dissolved in 0.1M Tris pH 9 and glycerol (1:9 ratio)). Images were acquired 

with a Leica SP8 confocal microscope, using oil immersion objectives. Z-stack maximal projections 

are shown. Quantification of imaged embryos was performed using CGPfunctions R package 

(https://github.com/ibecav/CGPfunctions). 

Bownes developmental stages were used for embryo development classification (after (José A. 

Campos-Ortega 1985) and https://www.sdbonline.org/sites/fly/aimain/2stages.htm). tinman in-situ 
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images were obtained from Berkeley Drosophila Genome Project (Tomancak et al. 2002; Tomancak 

et al. 2007)  via FlyExpress website (Kumar et al. 2011).    

Viability testing  

Cas9, F3 and M6 virgins were crosses to tin346/TM3 (Sb), eve-lacZ in triplicates (biological replicates), 

and each vial was flipped 3 times (technical replicates). Parental flies were discarded, and F1 flies 

were anaesthetized, separated based on Sb phenotype, counted in groups of 5, and then discarded. 

Each vial was counted twice, ensuring most of the eclosed flies are scored. For analysis, non-Sb to 

Sb ratios were log2-transformed. One-way nested ANOVA was performed to test the effect of strain 

on non-Sb/Sb ratios. Specifically, a linear mixed effect model was performed, and the ANOVA was 

performed on the resulting model. Post hoc analysis was performed as pairwise comparisons using 

Tukey's method. 

Adult Drosophila heart assay  

All dissection steps were done using artificial hemolymph. In brief, 3-week-old female flies were 

anesthetized with FlyNap (Carolina Biological), transferred to a petroleum jelly-coated Petri dish, and 

dissected as described (Vogler and Ocorr 2009). The dissected hearts were equilibrated for 15 min 

at room temperature under constant oxygenation. High-speed movies were taken on an Olympus 

BX61WI microscope with a 10x immersion objective, using a Hamamatsu Orca Flash4 CMOS digital 

camera and HCI image capture software (Hamamatsu). Movies were then analyzed with custom-

designed software (Ocorr et al. 2009).   

csRNA-seq samples and processing 

F3, M6 and Cas9 embryos were aged at 25ºC and collected at 0-2h, 2-4h, 4-6h and 6-8h time points. 

Total RNA was extracted from dechorionated embryos using the TRI Reagent (Sigma-Merck) 

according to the manufacturer’s protocol, followed by ethanol precipitation for further purification. 

Reduction of tin levels was verified using RT-qPCR, and samples were subjected to csRNA-seq 

analysis protocol version 5.2 (Duttke et al. 2022). Briefly, RNA was heat denatured and short RNAs 

(18-65nt) purified by 15% UREA-PAGE. A small fraction (5%) of these short RNAs was used to 
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generate input libraries (conventional small RNA-seq) and the remainder cap-selected with 5´ 

monophosphate-dependent exonuclease (TER51020) followed by two phosphatase (CIP) 

treatments. Sequencing libraries for sRNA-seq and csRNA-seq were generated using the NEB sRNA 

kit, but with addition of RppH for decapping (Hetzel et al. 2016).  

Sequencing data was analyzed using HOMER csRNAseq module 

(http://homer.ucsd.edu/homer/ngs/csRNAseq/index.html, (Duttke et al. 2019)) and R custom scripts. 

3′ adapter sequences of the reads were trimmed using HOMER (Heinz et al. 2010) and aligned to 

dm6 genome using STAR (version 2.7.10a) (Dobin et al. 2013). Reads were visualized as strand-

specific bedGraph using HOMER makeUCSCfile command with -style tss parameter. Peak calling was 

performed using the findcsRNATSS.pl function in HOMER (Duttke et al. 2019), with input RNA-seq used 

as background to eliminate transcripts from degraded and high-abundance RNAs in csRNAseq. 

HOMER annotatePeaks.pl command was used with -rlog parameter for calculating the normalized 

expression values for each peak used in downstream analyses. It was also used for generating 

transcription profile plots, for example annotatePeaks.pl tss dm6 -size 400 -hist 10 -pc 3. For 

differential expression, getDiffExpression.pl -edgeR -simpleNorm -dispersion 0.05 -AvsA was used on 

raw counts. ComplexHeatmap R package (Gu et al. 2016) was used for hierarchal clustering. HOMER 

analyzeClusters.pl was used for motifs and GO terms enrichment analysis in the identified cluster. 

plotPCA function from DESeq2 package was used with parameter ntop = 40000. Raw sequence data 

were deposited in the NCBI GEO database under the following accession number GSE221852. 

Motif enrichment analysis 

For each time point, the list of peaks with pAdj < 0.1 for both F3 and M6 vs. Cas9 was extracted based 

on differential expression analysis (above). The “combined” list comprises the unique list of 

differentially expressed peaks within at least one time point. Peak coordinates were used for 

construction of BED files, and sequences were extracted based on dm6 genome. MEME analysis 

(Bailey and Elkan 1994) was performed on each list separately (Supplemental File S3). For the 

analysis, only peaks with “promoter” annotation were used, however similar results were obtained 
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when using all the differentially expressed peaks. Over-represented motifs were converted to HOMER 

format, which was then used to scan the relevant BED files with the motifs of interest.  
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Figure 1. Endogenous tinman RNA levels are reduced in tinmDPE Drosophila melanogaster embryos. 
(A) Graphical summary of the tinman core promoter and gene. The Inr and DPE motifs are annotated, 
along with the motif sequences in the generated flies. Cas9 - WT strain; F3, M6 - mDPE tinman 
strains. Note the different scales for the top and bottom parts. (B) Cas9, F3, and M6 embryos were 
collected at 1h intervals during the first 8h of development. RNA was purified and reverse transcribed. 
Endogenous tinman expression levels were measured by RT-qPCR and analyzed using the 
StepOnePlus software. Each qPCR experiment was performed in triplicates. Error bars represent 
95% confidence interval, n≥3 for each timepoint. *p<0.05, **p<0.01, ***p<0.001 one-way ANOVA 
followed by Tukey’s post hoc test. Only comparisons to the Cas9 samples are presented. Bownes 
developmental stages (Interactive Fly) and the expected tinman expression patterns are indicated 
below the relevant time points (in-situ hybridization patterns obtained with permission from Berkeley 
Drosophila Genome Project, https://insitu.fruitfly.org/cgi-bin/ex/insitu.pl) (Tomancak et al. 2007). 
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Figure 2. Tinman protein expression levels are reduced in tinman mDPE embryos, whereas the 
Tinman expression pattern is retained. (A) Representative western blot images of embryos collected 
at 4-6h or 8-10h time intervals. (B) Quantification of Tinman protein levels, n=4. AU - arbitrary units. 
Error bars represent the SEM. **p ≤ 0.01, ***p < 0.001, two-tailed Students t-test; comparison to Cas9. 
(C) Embryos at a developmental window of 4-6h (Bownes stage ~10) were stained using anti-Tinman 
antibodies (green) and counterstained with a nuclear dye (Hoechst, blue). The observed expression 
pattern is similar between tinmDPE and tinWT embryos. Z-stack maximal projections are shown; anterior 
to the left, dorsal side up. Scale bar = 50µm. 
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Figure 3. The expression of distinct Tinman target genes is affected in early tinmDPE embryos, yet 
dorsal vessel formation, as evident from Mef2 and Eve protein expression patterns at later stages, 
appears intact in tinmDPE embryos. (A) Endogenous tin, Doc2, svp, Mef2 and eve RNA levels were 
quantified at 4-6h embryos (Bownes stage ~10) using RT-qPCR and analyzed using the StepOnePlus 
software. Expression of all genes in Cas9 is defined to be 1. Each qPCR experiment was performed 
in triplicates. Error bars represent 95% confidence interval. *p<0.05, **p<0.01, ***p<0.001 one-way 
ANOVA followed by Tukey’s post hoc test. Only comparisons to Cas9 samples are presented, n≥3. 
In addition, embryos were stained using antibodies against (B) Mef2 and (C) Eve of late embryos 
(Bownes stage >13). Z-stack maximal projections are shown, scale bar = 50µm. 
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Figure 4. Mutation of tinman endogenous DPE reduces viability of mature flies when tested in trans 
to tin null mutation. tinWT (Canton-S, Cas9) and tinmDPE (F3, M6) strains were crossed to tin346/TM3, 
Sb flies. The Sb phenotype of hatched flies was used to distinguish between tinmDPE over tin346 (null) 
or WT allele, tin346 was also scored as a background. * p< 0.05, ** p<0.01 One-way nested ANOVA 
followed by TukeyHSD post hoc test. Schematic representation of the relevant cross and the expected 
non-Sb/Sb ratio is indicated. 
Schematic fly image is from (Roote and Prokop 2013). The data and genotypes of the tinmDPE flies 
that were crossed with tin null heterozygote are marked by a dashed frame. 
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Figure 5. Mutation of tinman endogenous DPE affects adult heart size and function. tinmDPE hearts 
(F3, M6) have smaller diastolic diameters (A, DD) and reduced fractional shortening (B, FS), resulting 
in reduced stroke volume (C, SV). Tin DPE mutant hearts also exhibit prolonged systolic intervals (D, 
SI). In all panels significance was tested using Wilcoxon tests; ***<0.001, **<0.01, *<0.05 significance 
levels.  
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Figure 6. Nascent transcription of developmental genes is altered in tinmDPE embryos. csRNA-seq 
analysis was performed on 0-2h, 2-4h, 4-6h and 6-8h embryos for both tinWT (Cas9) and tinmDPE (F3, 
M6) embryos.  (A) Nascent transcription profile of the tinman locus, ±10bp relative to the TSS. Scale 
is 0 to 530 for all tracks. (B) PCA analysis of the csRNAseq samples. While samples are separated 
by developmental time, a difference between tinmDPE and tinWT strains is clearly evident for each time 
point. (C) Expression and selected GO terms of representative clusters from HOMER’s 
analyzeClusters.pl script. (top) Mean expression of the cluster is shown for each strain at each 
timepoint. (bottom) Same selected GO terms are shown for each cluster, with the associated fold 
enrichment and p-value over genomic background. Note the strong association of cluster 19 with 
heart and tube development. See Supplemental Fig. S7 and Supplemental File S1 for complete data.  
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Figure 7. The DPE motif is enriched in differentially expressed genes following tinman DPE mutation. 
(A) A significant Inr+DPE resembling motif is evident for each tested time point following MEME 
analysis. Both raw numbers and percentages are presented. Inr and DPE motif locations are 
highlighted, arrow represents transcription start site. (B) The common motif enriched among all the 
differentially expressed promoters (bottom) is enriched above the expected background (total peaks) 
in all differentially expressed peaks (combined), as well as in each individual time interval (0-2h, 2-
4h, 4-6h, 6-8h). ***p< 0.001, one proportion Z-test.  (C) Schematic summary. Endogenous tinman 
promoter was genetically edited using CRISPR to change the 7bp encompassing the DPE motif of 
the tinman promoter. This genomic editing resulted in viable homozygotes, which present major 
changes in nascent transcription (txn) of muscle and developmental genes, enriched for DPE-like 
motifs in their core promoter. In addition, the tinman mDPE homozygotes present impaired viability 
and heart function parameters, demonstrating the in vivo importance of a single core promoter 
element, the DPE motif. Schematic fly image is from (Roote and Prokop 2013). 
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Supplemental Figure S1. tinman expression pattern is similar in early (<stage 8) tinWT and 
tinmDPE embryos. In situ RNA hybridization using a DIG-labeled tinman probe resulted in no 
detectable difference of the staining pattern for 0-4h embryos (Bownes stage <8).  
Embryos were dechorionated in bleach and fixed in 4% formaldehyde/PBS/heptane for 20 minutes. 
pFlc-1-tin plasmid RE01329 (DGRC Stock 7896; https://dgrc.bio.indiana.edu//stock/7896; 
RRID:DGRC_7896) was linearized with NotI and transcribed in the presence of DIG labeling mix 
(Roche) to create a DIG-UTP labeled antisense RNA probe. Expression of tin was visualized by 
whole-mount in situ hybridization using the DIG-labeled probe detected by anti-DIG antibodies 
conjugated to alkaline phosphatase (Roche). Whole-mount in situ hybridization procedure was carried 
out essentially as described in (Wilk et al. 2010). Specimens were mounted in 70% glycerol/PBS, and 
imaged within a week. DIC microscope images were acquired with a Leica LMD7 microscope using 
a 10X objective lens. All embryos were imaged under the same conditions. Scale bar = 100µm. 
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Supplemental Figure S2. Overall Tinman levels are markedly reduced at 2-4h and 10-12h of 
embryonic development. Representative western blot images of embryos collected at the indicated 
time interval. For each membrane, embryos from the same fly population cage were collected. Each 
membrane was first blotted with rabbit α-Tinman antibodies and following chemiluminescent 
detection, stripped and re-blotted using mouse α-Actin.  
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Supplemental Figure S3. tin null heterozygote present both Tinman and pericardial Odd 
staining, indicating normal heart development, as opposed to homozygote embryos. (A) 
tin346/TM3, eve-lacZ were stained for Tinman (green), Odd-skipped (magenta) and LacZ (white). The 
Odd pericardial precursor cells (marked by white arrows) are present in embryos stained for both 
Tinman and LacZ. Segmental (non-pericardial) Odd staining is detected in both tin null heterozygotes 
and homozygotes. Z-stack maximal projections are shown. Scale bar = 25µm. Quantification of 
imaged embryos using CGPfunctions R package. (B) Quantification of LacZ (indicating tin346/TM3 
genotype) and of Odd-expressing pericardial cell staining as a function of Tinman staining. Both LacZ 
and Odd pericardial cell staining are significantly correlated with Tinman staining, indicating normal 
heart development in tin null heterozygous embryos.   
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Supplemental Figure S4. Tinman and Odd staining of the mDPE embryos. Embryos from tinWT 
(Cas9), tinmDPE (F3, M6) were stained for Tinman (green) and Odd-skipped (magenta). (A) Stage 13 
and (B) Stage 17 embryos. Z-stack maximal projections are shown, scale bar = 25µm.  
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Supplemental Figure S5. The tin mDPE allele does not result in additional TSSs. Nascent 
transcription profile of the whole tinman locus. Depicted region is Chr3R:21378500-218200 (dm6), 
scale is 0 to 530 for all tracks.  
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Supplemental Figure S6. The choice of TSSs source result in slightly different nascent 
transcription profiles. The same csRNA-seq data (2-4h embryos of Cas9, F3 and M6 strains) was 
mapped using called csRNA-seq peaks, EPDnew or RefSeq. Note that csRNA-seq reads exhibited 
rather symmetrical distribution around EPDnew TSSs as compared to HOMER’s default (RefSeq). 
Transcription initiation seems to be detectable at sequences downstream of RefSeq-defined TSSs. 
In contrast, EPDnew-based TSSs exhibit a more symmetric distribution, similar to the csRNAseq-
based TSSs. Divergent transcription (- tags) is barely detectable, consistent with previous reports that 
divergent transcription is predominantly absent in Drosophila melanogaster (Core et al. 2012; Meers 
et al. 2018). 
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Supplemental Figure S7. Full output of the analyzeClusters.pl script. Each cluster is annotated 
with cluster number, number of consisting peaks (n), top enriched HOMER motif and GO term. 
For each sample, the mean average expression of peaks in the cluster was normalized by the average 
expression per cluster (derived from all the samples). The following command was used: 
analyzeClusters.pl -i all.rlog.byTime.txt -o ./cluster.allRlog.c300.t8/ -peaks -minDiff 1 -center -genome 
dm6 -size -100,100 -thresh -0.8 -min 300 -cpu 30 
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Supplemental Figure S8. The majority of differentially-expressed csRNA-seq peaks do not 
overlap across the tested time points. The overlap between differentially-expressed peaks for each 
time point was examined using ggVennDiagram R package (Gao et al. 2021). Each section is colored 
according to the number of peaks. 
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Supplemental Figure S9. The detected Inr+DPE motifs are strictly positioned relative to the 
differentially expressed csRNA-seq peaks. The lists of differentially expressed peaks at each time 
point, and at all time points combined, were scanned using the Inr+DPE-like motifs detected for each 
time point (shown on the right, same as in Figure 6A). A specific enrichment at positions ±5bp is 
evident for all motifs. The indicated positions (x-axis) are of the motif start relative to the detected 
csRNA-seq peak center.  
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SupFile1_ClusterSum_exp_GO.xlsx 
Summary of expression profiles and selected GO terms for each cluster, used for Figure 6.  

 

SupFile2_cluster.allRlog.c300.t8.zip 
Full output of the HOMER-based analyzeClusters.pl script with the following command:  

analyzeClusters.pl -i all.rlog.byTime.txt -o ./cluster.allRlog.c300.t8/ -peaks -minDiff 1 -center -genome 

dm6 -size -100,100 -thresh -0.8 -min 300 -cpu 30 

The script performs clustering based on expression, then each cluster is analyzed for both GO terms 

and TF motifs enrichment. The output contains both summary files an individual cluster analysis (in 

separate folders). 

 

SupFile3_MEMEoutput.zip 
Complete MEME output of differentially expressed csRNA-seq peaks at individual and combined 

timepoints. BED files used to extract the sequences are provided as well.  

 

SupFile4_primers.xlsx 
RT-qPCR primers used in the manuscript. 
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