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Abstract

Metazoan development requires coordination of signaling pathways to regulate patterns of gene 

expression. In Drosophila, the wing imaginal disc provides an excellent model for the study of 

how signaling pathways interact to regulate pattern formation. The determination of the dorsal/

ventral (DV) boundary of the wing disc depends on the Notch pathway, which is activated along 

the DV boundary and induces the expression of the homeobox transcription factor, Cut. Here, we 

show that Broad (Br), a zinc-finger transcription factor, is also involved in regulating Cut 

expression in the DV boundary region. However, Br expression is not regulated by Notch signaling 

in wing discs, rather, ecdysone signaling is the upstream signal that induces Br for Cut 

upregulation. Also, we find that the ecdysone-Br cascade upregulates cut-lacZ expression, a 

reporter containing a 2.7 kb cut enhancer region, implying that ecdysone signaling, similar to 

Notch, regulates cut at the transcriptional level. Collectively, our findings reveal that the Notch and 

ecdysone signaling pathways synergistically regulate Cut expression for proper DV boundary 

formation in the wing disc. Additionally, we show br promotes Delta, a Notch ligand, near the DV 

boundary to suppress aberrant high Notch activity, indicating further interaction between the two 

pathways for DV patterning of the wing disc.
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Introduction

Metazoan development is strictly and spatiotemporally controlled, by the coordination of 

multiple signaling pathways for proper gene expression patterns. The Drosophila wing disc 

provides an excellent model for studying how different signaling pathways interact to induce 

downstream gene expression that shapes the anterior-posterior (AP) and dorsal-ventral (DV) 

boundaries (Gonzalez et al., 2006; Restrepo et al., 2014). Notch signaling is active in a 

narrow strip of cells at the DV boundary of the Drosophila wing disc (de Celis and Garcia-

Bellido, 1994; de Celis et al., 1996; Zacharioudaki and Bray, 2014), and regulates the 
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expression of Cut, which is under the regulation of a 2.7 kb enhancer, for proper wing 

margin formation (Jack et al., 1991; Neumann and Cohen, 1996). Both Cut and its enhancer 

cut-lacZ have been used as Notch activity reporters in Drosophila wing discs (Zhang et al., 

2014; Zacharioudaki and Bray, 2014).

The Notch pathway is a highly conserved signaling pathway that controls a wide range of 

developmental processes in metazoans, including cell proliferation and cell fate 

determination (Klusza and Deng, 2011; Guruharsha et al., 2012). Dysregulation of Notch 

signaling disrupts normal development, and can cause genetic disorders and cancers in 

humans (Guruharsha et al., 2012). Therefore, elucidating the cellular and molecular 

mechanisms of Notch signaling and its associated genetic interactions will advance our 

understanding of Notch signaling network and shed new light on potential disease 

treatments.

In the canonical Notch pathway, the Notch receptor, which is located at the cell membrane, 

is trans-activated by its ligands, Delta and/or Serrate, from neighboring cells. This activation 

results in proteolytic cleavage of Notch by the gamma-secretase complex to release the 

intracellular domain of Notch (NICD), which then translocates into the nucleus. Inside the 

nucleus, NICD forms a trimeric complex with coactivator Mastermind (Mam) and the 

CBF1/Suppressor of Hairless/LAG-1 (CSL) transcription repressor (Suppressor of Hairless 

[Su(H)] in Drosophila). The newly formed NICD/Mam/Su(H) complex switches Su(H) from 

a repressor to an activator, thus activating the expression of downstream genes (Fortini, 

2009; Andersson et al., 2011). Interestingly, ligands expressed from opposing cells (trans-

ligands) activate Notch signaling, while ligands from the same cell (cis-ligands) inhibit 

Notch, which buffer cells against accidental Notch activity (Sprinzak et al., 2010; Palmer et 

al., 2014).

Broad (Br), a zinc-finger transcription factor, has four different isoforms Br-Z1—Z4 as a 

result of alternative splicing. Br is an early response gene of the steroid hormone ecdysone, 

which is essential for the initiation of metamorphosis (Karim et al., 1993; Fletcher and 

Thummel, 1995), and was recently found as a direct downstream target of Notch signaling 

during Drosophila oogenesis (Jia et al., 2014). Here, we report that through gain- and loss-

of-function studies, Br is involved in regulating Cut expression in the DV boundary region. 

Our findings suggest: 1) ecdysone signaling, instead of Notch, is the upstream signal that 

induces Br for the upregulation of Cut expression at the DV boundary of the wing disc; 2) 

both ecdysone (via Br) and Notch signaling work together to transcriptionally regulate Cut 

expression at the DV boundary in Drosophila wing discs; and 3) Br can promote Delta to 

suppress aberrant high Notch activity.

Results

Br regulates Cut at the DV boundary of wing discs

Previously, we applied a mouse monoclonal anti-Br-core antibody 25E9 (Emery et al., 

1994), and confirmed the ubiquitous expression of Br in Drosophila wing discs during the 

late third instar larval stage (Jia et al., 2014). To study the loss-of-function of Br in wing 

discs, we generated br-RNAi knockdown cells in the posterior compartment of wing discs by 
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the tissue-specific driver en-gal4. The br-RNAi successfully abolished the expression of Br 

in the knockdown cells (Fig. 1A), and the absence of Br led to loss of Cut expression at the 

DV boundary of wing discs (Fig. 1B). The homozygous clones of a br amorphic allele, 

brnpr-3 (Jia et al., 2014) recapitulated the phenotype of Cut absence (Fig. 1C), indicating Br 

is essential for proper Cut expression. In addition, using the flip-out Gal4/UAS technique 

(Pignoni and Zipursky, 1997), we found that overexpression of the Br-Z1 isoform in wing 

discs induced ectopic Cut expression near the DV boundary (Fig. 1D). Through both gain- 

and loss-of-function studies, we identified that Br is involved in upregulating Cut expression 

in the DV boundary region.

Ecdysone signaling regulates Br to maintain Cut at the DV boundary of wing discs

Cut is a well-known downstream target of Notch signaling in wing discs, and since Br is 

directly upregulated by Notch in follicle cells (Jia et al., 2014), the possibility exists that 

Notch might regulate Cut via Br. However, we found that induction of Br expression in wing 

discs is not regulated by Notch signaling. For instance, in Notch- or mam-RNAi knockdown 

cells, Cut was downregulated, while Br was properly expressed (Fig. 2A and B) (Jia et al., 

2014), indicating that another upstream signal is required for the Br-dependent regulation of 

Cut expression. Br has also been cited as an early response gene of the steroid hormone 

ecdysone (Karim et al., 1993; Fletcher and Thummel, 1995). In this study, we found that 

ecdysone signaling is indeed the upstream signal to induce Br for the upregulation of Cut 

expression at the DV boundary of the wing disc. We applied the EcR B1 dominant negative 

construct UAS-EcR B1 W650A (Cherbas et al., 2003; Hu et al., 2003; Schubiger et al., 

2005; Brown et al., 2006), which encodes an altered EcR B1 protein. This altered EcR B1 

loses the ability to bind ligand properly, thus its overexpression can act as competitive 

inhibitors of wild-type EcR B1 and repress ecdysone function. In EcR B1 dominant-negative 

cells, both Cut and Br were downregulated (Fig. 2C and D), unlike the aforementioned 

RNAi knockdown of Notch components in cells (Fig. 2A and B). This novel evidence 

confirms the ecdysone pathway regulates Br expression, and implies ecdysone acts through 

Br to maintain Cut for proper DV boundary formation. Additionally, consistent with the 

previous report that ecdysone is important for the growth and size of wing discs (Mirth et al., 

2009; Nijhout and Callier, 2015), the size of the posterior domain with repressed ecdysone 

function is much smaller (Fig. 2C and D).

Both ecdysone and Notch are required for Cut expression

Our results showed that both Br (mediated by ecdysone) and Notch signaling positively 

upregulated Cut expression at the DV boundary (Figs. 1B-D and 2A). In Notch signaling 

defective cells, Cut was downregulated while Br was present (Fig. 2A and B). In the 

ecdysone defective cells, Cut was downregulated when Br was absent and Notch activity 

was upregulated (Figs. 2C, 2D and S1A). These results suggest both ecdysone (via Br) and 

Notch are needed for proper Cut expression at the DV boundary, and that lacking either 

eliminates Cut expression.

Previously, Notch signaling was shown to regulate Cut expression via an enhancer region 

(Jack et al., 1991; Neumann and Cohen, 1996). cut-lacZ expression, a reporter containing 

the 2.7 kb cut enhancer region, recapitulated Cut expression at the DV boundary (Jack et al., 
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1991; Neumann and Cohen, 1996). We thus tested cut-lacZ expression in brnpr-3 mutant 

clones, and found cut-lacZ was downregulated (Fig. 3A), indicating Br regulates Cut 

expression at the transcriptional level. Both the trimeric complex NICD/Mam/Su(H) and Br, 

a transcription activation complex and a zinc-finger transcription factor, respectively, can 

directly bind to DNA sequence. One explanation is that both the NICD/Mam/Su(H) 

transcription activation complex, and Br or its downstream factors are required to bind to the 

2.7 kb cut enhancer region in order to activate Cut expression.

In addition, overexpression of NICD driven by en-gal4 led to ubiquitous expression of Cut in 

the posterior compartment (Fig. 3B). Based on our hypothesis that both Notch and 

ecdysone-mediated Br are required for Cut expression, we reasoned the ubiquitous 

expression of Cut was partly due to NICD activation, and partly due to the ubiquitous 

presence of Br. To test the hypothesis, we induced br-RNAi in NICD-overexpressing 

posterior compartments, and found Cut was completely absent (Fig. 3C), further confirming 

that Br (mediated by ecdysone) and Notch synergize to induce Cut expression in wing discs.

Br promotes Delta levels to suppress aberrant high level of Notch activity

Since Notch signaling does not upregulate Cut through Br, we wondered if ecdysone-

mediated Br promotes Notch activity to regulate Cut. NRE-GFP (Thompson et al., 2005; Saj 

et al., 2010) is a Notch-specific reporter, which consists of a Notch responsive element fused 

with a GFP reporter. Its expression is restricted to the DV boundary. Surprisingly, we found 

that the NRE-GFP was highly upregulated in both br-RNAi knockdown and brnpr-3 mutant 

clones (Fig. 4A and B), indicating Br expression actually suppresses Notch activity. 

Subsequent experiments showed Delta levels near the DV boundary decreased in br-RNAi 
knockdown cells (Fig. 4C), suggesting Br is important for proper maintenance of Delta to 

regulate Notch activity. Consistent with loss-of-Br results, NRE-GFP was upregulated in 

Delta-RNAi knockdown cells at the DV boundary (Fig. 4D), confirming endogenous Delta 

expression is required to inhibit aberrant high level of Notch activity. Moreover, 

overexpression of Delta has previously been reported to suppress Notch activity at the DV 

boundary (Fig. 4E) (de Celis and Bray, 1997; Huppert et al., 1997). At the DV boundary, 

epistatic analysis showed that overexpression of Delta in br-RNAi knockdown cells caused 

downregulation of NRE-GFP (Fig. 4F), similar to the reduced NRE-GFP phenotype in 

Delta-overexpressing cells (Fig. 4E), thus confirming Delta acts downstream of Br to 

regulate Notch activity. Taken together, we conclude Br is critical for the proper 

maintenance of Delta levels that suppress aberrant high Notch activity.

Discussion

In summary, our results demonstrate that ecdysone (via Br) and canonical Notch signaling 

control Cut expression through the cut enhancer region at the DV boundary. In addition, Br 

promotes Delta near the DV boundary to inhibit aberrant Notch activation (Fig. 4G). The 

steroid hormone, ecdysone, induces significant developmental transitions and exerts pivotal 

biological functions in Drosophila, including molting, metamorphosis, oogenesis and wing 

development (Schubiger et al., 1998; Buszczak et al., 1999; Mirth et al., 2009), and even 

memory and sleep (Ishimoto and Kitamoto, 2011). The development of the Drosophila wing 
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disc is a delicate and well-organized process involving many signaling pathways and factors, 

such as ecdysone, Notch and Hedgehog signaling, and Cut (Jack et al., 1991; de Celis and 

Garcia-Bellido, 1994; Mullor et al., 1997). The role of ecdysone has been well studied in 

late third instar larval and prepupal stages, however, in early- or mid-third instar larval 

stages, little is known (Thummel, 1996). Br has been suggested as an ecdysone downstream 

factor that promotes post-critical weight development in third instar lavae (DiBello et al., 

1991; Mirth et al., 2009), and is detectable in wing discs at low levels five hours after 

entering the third instar larval stage, which increases to a high dosage later in the third instar 

(Mirth et al., 2009). Our results demonstrate Br is regulated by ecdysone signaling, and its 

induced high dosage later in the third instar potentiates Notch to trigger the expression of 

Cut. This potentiation by Br is further supported by the fact that other Notch downstream 

targets, such as E(spl)bHLH and Wingless, appear in the early third instar larval stage (0-5 

h), while Cut responds late, emerging 15 h after third instar ecdysis (de Celis et al., 1996; 

Mirth et al., 2009). In addition, overexpression of Br in wing discs induces ectopic Cut 

expression near the DV boundary (Fig. 1D), confirming that high dosage of Br indeed can 

expand the Notch influence zone. A previous study found that the canonical Notch signaling 

transcription factor, Su(H), regulates Cut via the cut enhancer (Neumann and Cohen, 1996). 

Our model (Fig. 4G) proposes both Br and NICD/Mam/Su(H) are required for the 

expression of Cut, and that the regulation probably happens at the transcriptional level. At 

the transcriptional activation level, canonical Notch signaling mediated-NICD recruits 

coactivator Mam and several cofactors, such as SMRT-related and ecdysone receptor 

interacting factor (SMRTER), to expel Su(H)-bound co-repressors (Hairless, Groucho, 

CtBP). This process switches Su(H) from a repressor to an activator of downstream genes 

(Lipikorn et al., 2010; Heck et al., 2012). Ecdysone-mediated Br might play a role in the 

interactions between cofactors to regulate Cut expression, while another possibility is that Br 

and/or its downstream factors attach to the 2.7 kb cut enhancer region, whereby that 

anchorage serves as a prerequisite for Notch-mediated Cut expression.

Interestingly, we also found Br maintains Delta near the DV boundary to inhibit aberrant 

Notch activity (Fig. 4G). As one of the two ligands that activate Notch signaling, the 

presence, location, and dosage of Delta play a critical role in development. Two stripes of 

Delta expressing cells flank the DV boundary, which inhibit aberrant high levels of Notch 

through cis-inhibition. Meanwhile, high Notch activity induces Cut at the DV boundary that 

also prevents the expression of Delta (de Celis and Bray, 1997). Essentially, high levels of 

Delta and Notch are mutually exclusive around the DV boundary. However, this mutual 

exclusivity does not apply in other regions of the wing disc. For instance, overexpression of 

Delta inhibits Notch activity at the DV boundary, whereas it enhances Notch elsewhere in 

the wing discs (Fig. 4E) (de Celis and Bray, 1997; Huppert et al., 1997). We speculate that 

Notch, ecdysone signaling and other DV boundary-located factors, such as Cut, Wingless 

and Senseless, maintain the complex signaling network around the DV boundary. It is 

known that cellular and tissue context determines whether Notch can act as an oncogene or a 

tumor suppressor, which have completely opposite roles in regulating cell proliferation. 

Further studies in the Drosophila wing disc will shed new light on deciphering the 

mechanism of this context-dependence.
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Materials and Methods

Fly Strains and Genetics

Strains contain FRT 19A brnpr-3 and hsFLP, FRT 19A RFP (Jia et al., 2014). The following 

transgenic lines were used in our study: en-Gal4, UAS-mRFP, NRE-GFP (Bloomington 

Drosophila Stock Center, BDSC#30729, USA), en-Gal4, UAS-mRFP, NRE-GFP; Gal80ts, 

UAS-br RNAi (BDSC#27272), UAS-mam RNAi (BDSC#28046), UAS-EcR B1 W650A 
(BDSC#6872), UAS-br-Z1 (Zhou and Riddiford, 2002), UAS-Delta RNAi (BDSC#34322), 

UAS-Delta (BDSC#5614), UAS-NICD (Xie et al., 2014), cut-lacZ (Jack et al., 1991) and 

hsFLP; actin<CD2<Gal4,UAS-RFP/TM3,Sb.

For the FLP/FRT clone induction (Golic and Lindquist, 1989; Xu and Rubin, 1993), hsFLP, 
19A RFP was applied, and clones were induced by one session of heat shock for 2 h at 37°C 

during late second instar larval stage. To generate mosaic wing discs expressing UAS 
constructs, the flip-out Gal4 (Pignoni and Zipursky, 1997) stock 

hsFLP;actin<CD2<Gal4,UAS-RFP/TM3,Sb was applied. Flip-out clones were induced by 

30 min heat shock at 37°C two days before dissection. en-Gal4,UAS-mRFP, NRE-GFP; 
Gal80ts was used to manipulate gene expression in the posterior compartment of wing discs. 

In this technique, en-Gal4,UAS-mRFP, NRE-GFP; Gal80ts flies were crossed with UAS 
lines, and the progeny were raised at 18°C until late second instar larval stage, then shifted 

to 29°C for two days before dissection.

Immunohistochemistry

Immunohistochemistry was carried out as previously described in Drosophila ovaries (Jia et 

al., 2014, 2015). The following antibodies were used: mouse anti-Br-Core (25E9) 1:30, anti-

Cut (2B10) 1:15 (Development Studies Hybridoma Bank, USA), rabbit anti-β-Galactosidase 

1:5000 (Sigma, USA). Corresponding Alexa Fluor secondary antibodies (1:400; Invitrogen, 

USA) were selected according to primary antibodies.

Image analysis

Images were acquired with a Zeiss LSM 510 confocal microscope and processed in 

Photoshop and Image J. To quantify the expression levels of both NRE-GFP and Delta in the 

experiments, images in Fig. 4 were extracted and processed in Image J. In brief, three 

random areas in the control and manipulated groups at the DV boundary were selected to 

measure the “mean gray value” by applying the “analyze” menu in Image J. The values of 

manipulated groups were normalized to those of control groups in order to demonstrate fold 

changes of expression levels. The statistical analyses were performed using GraphPad Prism 

6. Data were expressed as the mean ± SEM. Intergroup differences were assessed by 

Student's t-test. Statistical significance is denoted with asterisks in the figures. * P < 0.05; ** 

P < 0.01; *** P < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Br regulates the expression of Cut in wing discs.

A-B″: Knockdown of Br in the posterior compartment of the wing disc (en-Gal4 driven 

UAS-br RNAi, marked with RFP, red in A and B, white in A′ and B′) abolished Br 

expression (green in A, white in A″), and caused the loss of Cut expression (green in B, 

white in B″). C: brnpr-3 mutant clones (marked by absence of RFP, indicated by arrowheads) 

showed no expression of Cut (green in C, white in C″). D: In Br-Z1 overexpressing cells 

(marked by RFP, indicated by arrowheads, red in D, white in D′), Cut (green in D, white in 

D″) was induced near the DV boundary. Wing discs are aligned ventral to the top of the 

image, dorsal to the bottom, posterior to the right. Bars, 20 μm.
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Fig. 2. 
Br is regulated by ecdysone signaling, but not Notch.

A-B″: Knockdown of Mam in the posterior compartment of the wing disc (en-Gal4 driven 

UAS-mam RNAi, marked with RFP, red in A and B, white in A′ and B′) abolished Cut 

expression (green in A, white in A″), while retaining proper Br expression (green in B, 

white in B″). C-D″: Overexpression of a dominant negative EcR B1 (EcR B1DN) in the 

posterior compartment of the wing disc (en-Gal4 driven UAS-EcR B1DN W650A, marked 

with RFP, red in C and D, white in C′ and D′) abolished both Cut (green in C, white in C″) 

and Br expression (green in D, white in D″). Wing discs are aligned ventral to the top of the 

image, dorsal to the bottom, posterior to the right. Bars, 20 μm.
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Fig. 3. 
Both ecdysone and Notch signaling are required for Cut expression.

A-A″: brnpr-3 mutant clones (marked by absence of RFP, indicated by arrowheads) showed 

downregulated cut-lacZ reporter (green in A, white in A″). B-B″: Overexpression of NICD 

(en-Gal4 driven UAS-NICD, marked with RFP, red in B, white in B′) upregulated Cut in the 

whole posterior compartment of the wing disc (green in B, white in B″). C-C″: 
Overexpression of NICD in the Br knockdown cells in the posterior compartment of the 

wing disc (en-Gal4 driven UAS-NICD and br RNAi, marked with RFP, red in C, white in C
′) abolished Cut expression (green in C, white in C″). Wing discs are aligned ventral to the 

top of the image, dorsal to the bottom, posterior to the right. Bars, 20 μm.
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Fig. 4. 
Br promotes Delta near the DV boundary to suppress aberrant high Notch activity.

A-A‴: brnpr-3 mutant clones (marked by absence of RFP, indicated by arrowheads) showed 

elevated levels of NRE-GFP (green in A, white in A″), and this elevation is statistically 

significant (A‴). B-C″: Knockdown of Br in the posterior compartment of the wing disc 

(en-Gal4 driven UAS-br RNAi, marked with RFP, red in B and C, white in B′ and C′) 
enhanced NRE-GFP expression (green in B, white in B″), and caused the loss of proper 

Delta expression (green in C, white in C″) flanking the DV boundary. The enhancement of 

NRE-GFP and the downregulation of Delta are statistically significant (B‴ and C″). D-D‴: 
Knockdown of Delta in the posterior compartment of the wing disc (en-Gal4 driven UAS-
Delta RNAi, marked with RFP, red in D, white in D′) enhanced NRE-GFP expression 

(green in D, white in D″), and this enhancement is statistically significant (D‴). E-E‴: 

Overexpression of Delta in the posterior compartment of the wing disc (en-Gal4 driven 

UAS-Delta, marked with RFP, red in E, white in E′) significantly downregulated NRE-GFP 

expression at the DV boundary (green in E, white in E″). F-F‴: Overexpression of Delta in 

the Br knockdown cells in the posterior compartment of the wing disc (en-Gal4 driven UAS-
Delta and br RNAi, marked with RFP, red in F, white in F′) significantly downregulated 

NRE-GFP expression at the DV boundary (green in F, white in F″). Areas circled by dotted 
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lines are DV boundary areas (B, D-F), while dotted line in C separates DV boundary. NRE-

GFP expression intensity within DV boundary areas (A, B, D-F) and Delta expression 

flanking DV boundary are measured. Anterior/posterior compartments are separated by 

straight lines (B-F). Wing discs are aligned ventral to the top of the image, dorsal to the 

bottom, anterior to the left, posterior to the right. G: Br (mediated by ecdysone) and 

canonical Notch signaling (via Su(H)) control Cut expression through the cut enhancer 

region at the DV boundary. In addition, Br promotes Delta near the DV boundary to inhibit 

aberrant Notch activation. *P < 0.05; ** P <0.01; *** P < 0.001. Bars, 20 μm.

Jia et al. Page 14

J Genet Genomics. Author manuscript; available in PMC 2017 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Results
	Br regulates Cut at the DV boundary of wing discs
	Ecdysone signaling regulates Br to maintain Cut at the DV boundary of wing discs
	Both ecdysone and Notch are required for Cut expression
	Br promotes Delta levels to suppress aberrant high level of Notch activity

	Discussion
	Materials and Methods
	Fly Strains and Genetics
	Immunohistochemistry
	Image analysis

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

