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Abstract

In zebrafish, ventricular myosin heavy chain (vmhc) gene is initially expressed at the anterior

lateral mesoderm, thereafter its expression is restricted to the cardiac ventricle. The transcriptional

control mechanisms in regulating chamber-specific expression of myosin heavy chains are not

well defined. We isolated and analyzed zebrafish vmhc upstream region to examine the spatial and

temporal regulation of vmhc using transgenic and transient expression techniques. Promoter

deletion analyses defined a basal promoter region sufficient to drive vmhc expression in the

ventricle and an upstream fragment necessary for repressing ectopic vmhc expression in the

atrium. The transcriptional mechanism that prevents vmhc expression in the atrium is mediated

through Nkx2.5 binding elements (NKE). We have further discovered that paired-related

homeobox transcriptional factor 2 (Prx2/S8)-like binding elements are required for promoting

vmhc expression, and Prrx1b, a Prx-related homeobox protein, participates in the regulation of

vmhc expression with other transcriptional factors.

Introduction

In zebrafish, cardiac development begins during the early stages of embryogenesis (Stainier,

2001). At the late blastula stages, myocardial progenitors are located throughout the ventral

and lateral region of the zebrafish embryo. Ventricular progenitors are positioned closer to

the margin than atrial progenitors (Keegan et al., 2004). By the 15-somite stage, myocardial

progenitor cells differentiate into cardiomyocytes and start to express cardiac myosin light

chain-2 (cmlc2) (Yelon et al., 1999). These cells then segregate into ventricular and atrial

myocytes, expressing ventricular myosin heavy chain (vmhc) and atrial myosin heavy chain
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(amhc), respectively (Yelon et al., 1999; Berdougo et al., 2003). After cardiac looping and

chamber formation, vmhc expression is restricted in the ventricle, whereas amhc is

expressed in the atrium. Both vmhc and amhc are thought to be the earliest myocardial

markers for revealing ventricular and atrial cell lineages.

In mouse, two MHC isoforms, α-MHC and β-MHC, are expressed in the primitive heart tube

(Lyons et al., 1990). As cardiac chambers form, β-MHC expression is restricted to the

ventricle, and α-MHC levels increase in atrial cells. β-MHC is gradually replaced by α-MHC

after birth (Lyons et al., 1990). In human, myosin heavy chain 7 (MYH7), an isoform of β-

MHC, is predominantly expressed in the ventricle, whereas expression of myosin heavy

chain 6 (MYH6/α-MHC) is restricted in the atrium (Everett, 1986). Mutations in MYH7/β-

MHC are frequent causes of familial hypertrophic and dilated cardiomyopathies (Seidman

and Seidman, 2001). MYH6/α-MHC mutations are commonly detected to be associated with

atrial septal defects (Ching et al., 2005). Expression of α-MHC and β-MHC is independently

controlled but coordinately regulated. GATA factors, Mef2 transcription factors, and steroid

hormone receptors act synergistically to activate α-MHC expression (Molkentin et al., 1996;

Lee et al., 1997). During embryogenesis, β-MHC is expressed as part of the cardiac

myogenic program under the control of Nkx-2.5, Mef-2, and GATA transcription factors

(Morimoto et al., 1999; Morkin, 2000; Meissner et al., 2007). Analysis of its promoter

regions also reveals negative thyroid hormone response elements and a transcriptional

enhancer factor-1 binding site (Flink et al., 1992; Edwards et al., 1994). However, little is

known about cis-elements and regulatory factors in regulating chamber-specific expression

of myosin heavy chains.

Transgenic zebrafish that express enhanced green fluorescent protein (EGFP) under the

control of tissue-specific promoters are useful tools for following cell movements,

visualizing dynamic gene expression patterns and dissecting regulatory transcription

elements in live embryos (Long et al., 1997; Motoike et al., 2000; Zhang and Rodaway,

2007). In this study, we generated a stable line of vmhc:EGFP transgenic zebrafish using a

1952-bp upstream regulatory sequence. A minimal promoter containing Prx2/S8-like

binding elements was defined to direct vmhc expression, and an upstream fragment

(−1772/−1522) containing Nkx2.5 binding sites was identified to repress the ectopic vmhc

expression in the atrium. We revealed NKE-mediated atrial repression for governing

ventricle-specific expression, and discovered that zebrafish Prx-related homeobox factor

Prrx1b participated in the regulation of vmhc expression.

Results

Generation of vmhc:EGFP transgenic zebrafish

To establish a stable transgenic zebrafish with EGFP expression in the ventricle of hearts,

we cloned a 1952-bp vmhc upstream region containing its promoter from genomic DNA

(GenBank GI:ID 163644330) using PCR. The vmhc upstream fragments were subcloned

into pEGFP-1 vectors and resulted in a fusing construct (pvmhc-EGFP1). We microinjected

linearized vmhc-EGFP1 constructs into one- to two-cell embryos, and examined transient

EGFP expression at 48 hour post fertilization (hpf). 30–40% of injected embryos displayed

EGFP expression in the ventricle, and four Go founders (line 1 to line 4) produced F1
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embryos expressing EGFP in the ventricle. Line 1, 2 and 3 exhibited ectopic EGFP

expression in the craniofacial region. About 50% of F2 offspring embryos carried

ventricular EGFP expression by outcrossing F1 fish with wild-type fish, suggesting that the

germline transmission rate of transgene complied with Mendelian inheritance law.

vmhc:EGFP expression patterns in transgenic embryos

In zebrafish, cardiac progenitor cells derive from the anterior lateral plate mesoderm at 12

hpf (Stainier, 2001). The ventricular sarcomere gene vmhc is first expressed in ventricular

cardiomyocyte precursors at 16 hpf (Yelon et al., 1999). In Tg(vmhc:EGFP) embryos,

EGFP expression was first observed as the bilateral strips in the lateral plate mesoderm at 18

hpf (Fig. 1A), 2 hours later than endogenous vmhc expression revealed by in situ

hybridization (Fig. 1F). These EGFP-expressing cells gradually migrated and coalesced into

a cardiac cone at 20 hpf (Fig. 1B). When the heart tube formed at 24 hpf, EGFP expression

was observed in the outflow region, the presumptive ventricle in the heart tube (Fig. 1C).

After cardiac looping and chamber demarcation, EGFP expression was restricted in the

ventricle at 48 hpf, when compared with EGFP expression in both chambers, the ventricle

and the atrium, in Tg(cmlc2:EGFP) embryos (Burns et al., 2005) (Fig. 1D, E). The observed

EGFP expression was consistent with the temporal and spatial expression of endogenous

vmhc expression in the lateral mesoderm (Fig. 1F), the heart cone (Fig. 1G), the heart tube

(Fig. 1H), and the ventricle (Fig. 1I). However, in Tg(vmhc:EGFP) embryos, EGFP

expression was only observed in the ventricle and not in somites, whereas endogenous vmhc

transcripts were detected in both the ventricle and somites (Fig. 1H). These findings suggest

that the vmhc upstream fragment (1952 bp) is sufficient to drive EGFP expression in the

ventricle, but lacks cis-elements for directing EGFP expression in somites.

vmhc promoter analysis in live zebrafish embryos

The amino acid sequences of zebrafish Vmhc are 75% identical to mammalian β-MHC/

MYH7 and 74% identical to mammalian α-MHC/MYH6. However, based on the similar

ventricular-specific expression pattern of vmhc and β-MHC/MYH7 during heart

development, vmhc is most likely the ortholog of β-MHC/MYH7. Thus, we compared the

upstream regulatory region of zebrafish vmhc with mouse β-MHC and human MYH7, and

identified several consensus cis-elements related to myocardial development, including

binding sites of Nkx2.5, MEF2, GATA and Prx2/S8 transcription factors (Fig. 2).

To identify the minimal promoter that was sufficient for directing vmhc expression in the

ventricle, a series of constructs containing progressive deletions from the 5′-end of 1952-bp

fragment were generated by PCR using pvmhc-EGFP1 as a template. The resulting six

deletion constructs (P1772, P1522, P1008, P461, P252 and P155) contained fragments of

1772 bp, 1522 bp, 1008 bp, 461 bp, 252 bp and 155 bp, respectively, which were linked to

the EGFP gene and SV40 polyA signal (Fig. 2). The P1952 construct was generated as a

non-deletion control. When P1952 was microinjected into one-cell embryos, approximately

39% of the injected embryos had EGFP expression in the ventricle and none exhibited

EGFP expression in somites (Fig. 3E). This result was similar to those obtained with the

original pvmhc-EGFP1 construct. Embryos microinjected with constructs P1772, P1522,

P1008, P461 or P252 displayed gradual reduction in percentages of EGFP expression in
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ventricles (Fig. 3E). Notably, EGFP expression was not detected at all embryos

microinjected with P155. To precisely map the minimal active promoter, three additional

deletion constructs, P234, P207 and P184 were generated and microinjected into one-cell

embryos. Only embryos injected with P234 had EGFP expression in the ventricle, and

embryos injected with P207 or P184 did not show any EGFP expression at all (Fig.

3C,D;E). Thus, the 234-bp regulatory element contains the basal promoter that is sufficient

to drive EGFP expression in the ventricle. This also suggests that 27 nucleotides spanning

the region from −234 to −206 contain positive cis-elements required for vmhc expression.

Prx2/S8-like homeodomain elements are necessary for directing vmhc expression

The 27 nucleotides within the basal promoter (AACTAAATTAGCCCTCCGCT

ATCAGAGAA) contained a homeobox transcription factor Prx2/S8-like binding site

(AACTAAATTAGC). Prx2/S8 transcriptional factor, belonging to the family of paired-

related homeobox gene family, are highly expressed in mesenchymal tissues throughout

development, including the developing cardiovascular system (Leussink et al., 1995). The

mouse Prx2/S8 homeodomain binds the 11-bp consensus element (ANC/TC/

TAATTAA/GC) (de Jong et al., 1993). We hypothesized that the Prx2/S8-like element was

necessary to mediate vmhc expression in the ventricle. To test this, five primers, each having

two altered bases (cysteine) within the 27-bp core sequence of Prx2/S8-binding site were

used to generate mutant forms of P234 constructs (Table 1). Embryos injected with

constructs P234M1 or P234M2, each containing two base substitutions in the core sequence,

showed completely absence of EGFP expression in the ventricle (Table 1). Mutation of two

bases adjacent to the core sequence (P234M3 and P234M4) caused a marked decrease of

EGFP expression in the ventricle (Table 1). In contrast, dinucleotide replacement (P234M5)

that was 8-nucleotide apart from the conserved Prx2/S8-binding site resulted in the

ventricular EGFP expression comparable to the one occurred in P234 injections (Table 1).

There were five conserved Prx2/S8-like binding sites within 1952 bp regulatory element. To

test functional redundancy of these Prx2/S8 binding sites, we deleted these sites in P1952

constructs and established P1952 ΔP1, P1952 ΔP1-2, P1952 ΔP1-3, P1952 Δ P1-4 constructs

with deletion of one-, two-, three- and five-Prx2/S8 binding sites, respectively. Embryos

injected with P1952 ΔP1 or P1952 ΔP1-2 constructs did not significantly reduce EGFP

expression percentages in ventricles compared to P1952-injected embryos (Fig. 3F). P1952

ΔP1-3 injection exhibited a marked reduction in EGFP expression, and embryos injected

with P1952Δ P1-4 displayed a largest EGFP reduction (Fig. 3F). However, deletion of all

Prx2/S8 elements did not completely eliminate vmhc expression in the P1952 constructs.

Collectively, these data suggest that Prx2/S8-like homeodomain elements, together with

other cis-elements, are necessary for directing vmhc expression.

vmhc promoter harbors atrial repression elements to govern ventricle-specific expression

Careful examination of embryos injected with deletion constructs revealed that P1522

injection resulted in approximately 20% embryos having EGFP expression in the atrium

(Fig. 4A,B;E). The percentages of embryos with the atrial ectopic expression varied among

deletion constructs, including P1772, P1008, P461, P252 and P234 (Fig. 4E). However,

none of embryos injected with P1952, P207, P184 or P155 displayed ectopic expression in
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the atrium (Fig. 4E). Since nonspecific EGFP expression in tissues other than heart was

typically observed less than 5% of embryos injected with these constructs, this suggests that

the atrial ectopic expression is sequence specific, possibly due to regulatory cis-elements in

the vmhc promoter. Microinjections of P1772 only caused a small percentage (3%) of

embryos having atrial EGFP expression, a substantial reduction of ~ 17% when compared

with the atrial ectopic expression in P1522 injections. However, the ventricular expression

percentage of P1522 was comparable to P1772 (30% vs. 32%, Fig. 4E). These data suggest

existence of negative cis-elements in the distal region (−1772/−1522) that prevent the

atrium-specific expression. Compared to P1522, microinjections of P1008 and P461

progressively diminished embryos with the atrial expression to baseline levels, paralleling

with those observed in ventricular expression, suggesting that positive elements exist in the

proximal region (−1522/−461) to enable vmhc expression in both chambers.

Within the 251 bp region (−1772/−1522), there were two Nkx2.5 binding elements (NKE)

and one GATA binding site (Fig. 2). Recent data indicate that Nkx2.5 and Nkx2.7 reduction

causes a surplus of atrial cardiomyocyte number in zebrafish (Targoff et al., 2008),

implicating that Nkx genes may have roles in atrial repression. In addition, Nkx2.5 and

dHand act synergistically to modulate the expression of ventricular homeobox gene Irx4 in

mouse (Bruneau et al., 2000). We thus deleted two Nkx2.5 binding elements in P1952

construct to generate P1952-ΔNKE constructs. Deletion of both Nkx2.5 elements caused

ectopic EGFP expression in the atrium, which was comparable to the atrial expression

percentage of P1522 injection (Fig. 4E). These data suggest that Nkx2.5 elements in the

distal region (−1772/−1522) are required for repressing vmhc expression in the atrium.

Prrx1b, a Paired-related homeobox protein, participates in the regulation of vmhc
expression

Our sequence analyses revealed several conserved transcriptional factor binding sites,

including Mef2 elements, Nkx2.5 sites, Prx2/S8 elements and GATA binding sites, in the

vmhc upstream regulatory region (Fig. 2). We previously reported that mef2a knockdown

reduced endogenous vmhc expression (Wang et al., 2005). To determine whether mef2a

regulated vmhc expression directly via its promoter region, we examined the effects of

mef2a knockdown on the transgene EGFP expression. We injected transgenic embryos

Tg(vmhc:EGFP) using mef2a antisense splicing morpholinos (mef2a-MO) (Wang et al.,

2005), and found that mef2a reduction caused the decreased expression of transgene EGFP

in the ventricle (Fig. 5A, B). We validated the EGFP reduction using real-time PCR analysis

(Fig. 5E). Although mef2a knockdown caused the reduced vmhc expression, mef2a

reduction failed to eliminate vmhc expression. These findings suggest that multiple

transcriptional factors participate in the transcriptional regulation of vmhc, including mef2a.

Searching the zebrafish genome database using mouse and human Prx1 or Prx2 revealed two

zebrafish Prx isoforms, prrx1a and prrx1b. While prrx1a expression was detected in

epidermis, musculature and pharyngeal arch, prrx1b expression was observed in the

zebrafish heart (Marques et al., 2008)(Thisse et al., ZFIN direct submission). We therefore

elected prrx1b to investigate its roles in regulating vmhc expression. We designed prrx1b

antisense splicing morpholino oligonucleotides (prrx1b-MO) to target the donor site of
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intron 2 (Fig. 5G). Microinjection of prrx1b-MO into one- to two-cell transgenic embryos

Tg(vmhc:EGFP) caused a reduction in EGFP expression in ventricles compared to controls

(Fig. 5C, D). We validated a reduction of transgene EGFP in prrx1b morphant embryos

using real-time PCR analyses (Fig. 5F). We next isolated total RNAs from prrx1b

morphants, performed RT-PCR using primers indicated and sequenced PCR products (Fig.

5G). We found that prrx1b-MO injection caused retention of intron2 leading to generation

of in-framed stop codon and Prrx1b protein truncation (Supplement data). Collectively,

these data suggest that Prrx1b participates in the regulation of vmhc transcription, together

with other transcriptional factors.

Discussion

In this study we established a transgenic zebrafish line that expresses EGFP in the ventricle

under the control of a vmhc promoter, and described an important NKE-mediated atrial

repression mechanism for governing ventricle-specific expression. We further discovered

that Prx2/S8-like elements are necessary for directing vmhc expression in the ventricle and

demonstrated paired-related homeobox protein Prrx1b participated in the regulation of vmhc

expression.

Our studies indicated that an upstream regulatory region (1952 bp) of vmhc was sufficient to

recapitulate the ventricular expression of vmhc during heart development. EGFP expression

in Tg(vmhc:EGFP) embryo was first detected at the anterior lateral plate mesoderm, then

restricted in the ventricular portion of the heart tube, and late in the formed cardiac ventricle.

The spatial and temporal control of vmhc expression lies in its regulatory cis-elements

within 1952 bp. By promoter dissection, we observed that deletion of a distal region

(−1772/−1522) caused the ectopic expression of vmhc in the atrium. This suggests existence

of an inhibitory mechanism that mediates atrial repression, which in turn ensures vmhc

expression in the ventricle. There are several known cis-elements in the 251 bp region,

including one GATA element and two Nkx2.5 binding sites. Notably, deletion of two

Nkx2.5 sites in the context of −1952 upstream region relieves the atrial repression. This is

consistent with the most recent reporter (Zhang and Xu, 2009). In addition to the distal

region (−1772/−1522), Zhang et al also reported presence of the atrial repression elements in

the proximal region (−100/+300) that contains first two exons and the first intron. Our

P1952 construct does not contain the proximal region (−100/+300) and is sufficient to drive

EGFP expression in the ventricle but not in the atrium, suggesting that Nkx2.5 binding sites

in the distal region (−1772/−1522) play essential roles in repressing vmhc in the atrium.

Studies in model systems suggest that Nkx2.5 can either promote ventricular gene

expression or repress atrial gene expression in the ventricle. For example, Nkx2.5 regulates

ventricular expression of Irx4 in mouse (Yamagishi et al., 2001), and can prevent expression

of atrial natriuretic factor (anf) in the ventricle in Xenopus (Small and Krieg, 2003). In

zebrafish, Nkx proteins limit atrial cell differentiation while promoting ventricular cell

development (Targoff et al., 2008). Our findings thus describe an important Nkx2.5-

mediated atrial repression mechanism for governing ventricle-specific expression, a novel

extension of the roles of Nkx2.5 in regulating chamber-specific differentiation. It would be

interesting to determine whether the ventricular expression of mammalian myosin heavy

chain is also regulated by the NKE-mediated repression mechanism.
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We revealed that the 234-bp basal promoter contained Prx2/S8-like homeodomain binding

site (AACTAAATTAGC) and drived EGFP expression in the ventricle. Deletions or

mutations of Prx2/S8-binding sites reduced or eliminated vmhc expression in the ventricle,

suggesting that Prx2/S8 binding site was necessary for mediating the basal expression of

vmhc. The Prx2/S8 binding site resembles the consensus sequence of Antennapedia (Antp)-

type homeodomain proteins (de Jong et al., 1993). Like Antp family and paired-related

homeobox genes, homeobox transcription factors are commonly recognized as important

regulators of organogenesis and embryonic development. Functional analyses indicated a

major role of murine Prx2/S8 in craniofacial and limb skeletogenesis as well as patterning

and positioning of the aortic arch and the cardiac outflow tract (Kuratani et al., 1994;

Leussink et al., 1995; Bergwerff et al., 2000). Zebrafish genome contains Prrx1a and Prrx1b

(two Prx-related genes) and their functions during cardiac development have not been

previously reported in zebrafish. In this study, we elected prrx1b due to its expression in the

heart, as prrx1a is expressed in epidermis, musculature and pharyngeal arch (Marques et al.,

2008)(Thisse et al., ZFIN direct submission). prrx1b knockdown caused the reduction of

transgene EGFP and slightly small size of the ventricle. These cardiac defects are similar to

mef2a morphants that displayed both the reduction of transgene EGFP and small ventricle

size. In combination with the presence of Prx/S8 elements and Mef2 binding sites in the

vmhc promoter, these data suggest that both prrx1b and mef2a participate in the regulation

of vmhc transcription via possibly interacting with the transgene promoter. It would be next

important step to investigate whether Prrx1b interacts with other cofactors (e.g., Mef2a and

Nkx2.5) to activate vmhc, and whether and how Prrx1b binds to the vmhc promoter. Our

analyses also indicated that Prx2/S8 elements exist in the upstream region of mouse β-MHC

and human MYH7, which was not previously revealed. It will be important and interesting to

determine whether Prx2/S8 homeodomain element is necessary for directing the expression

of mammalian β-MHC/MYH7, and whether Prx1/Prx2 transcriptional factors act

independently or collaboratively with other cofactors to regulate expression of ventricular

myosin heavy chains in mammals.

Materials and methods

Zebrafish strains

Zebrafish (Danio rerio) embryos were obtained from natural spawning between wild-type

AB lines (Oregon stock centre). Embryos were staged and maintained at 28.5°C as described

(Westerfield, 1995).

Generation of vmhc:EGFP transgenic lines

The vmhc upstream regulatory region (1952 bp) was amplified and cloned from the genomic

sequence (GeneBank ID 163644330) using primers (forward: 5′-ACTCCGC

GGAGGCCATGTGTCCTAAATTCTG; reversed: 5′-ATCGGATCCGAACACCAA

CCATGAGATCACT). The PCR products were digested with SacI/BamH I, gel-purified

and subcloned into pEGFP-1 vector (pvmhc-EGFP1). The cloned vmhc promoter region was

subjected to sequencing. The pvmhc-EGFP1 plasmid DNA was linearized with restriction

enzyme Sac I and isolated following electrophoresis in 1% melting agarose gel.

Approximately 200–300 pg of linearized DNA was injected into one- to two-cell stage
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embryos. Mosaic embryos displaying ventricle-specific EGFP expression were raised to

adulthood. Pairs of male and female founders were in-crossed. If EGFP expression was

found in offspring from the founder pairs, EGFP-positive embryos derived from founder

pairs were bred to F1 adult fish.

Search for transcriptional factor binding sites

The transcription factor binding sites in the upstream region of zebrafish vmhc, mouse β-

MHC and human MYH7 were identified using the following computation programs:

MatInspector, V7.1 (http://www.genomatix.de) and TFsearch, V1.3 (http://www.cbrc.jp/

research/db/TFSEARCH.html)

Generation of deletion constructs

To identify the minimal promoter, a series of 5′-deletion constructs within the 1952-bp

fragment was generated by PCR using pvmhc-EGFP1 as template. A total of 10 primers for

vmhc promoter sequences and a primer for pEGFP-1 vector sequences were used to produce

a series of 5′-distal deletion constructs. All deletion constructs contained deleted vmhc

promoter region, EGFP gene and SV40 polyA signal. These constructs were P1952, P1772,

P1522, P1008, P461, P252, P234, P207, P184 and P155, in which the numbers refer to the

distal nucleotide positions upstream of the vmhc transcriptional start site. These PCR

products were gel-purified and used directly for microinjections. Approximately 200–300 pg

of each construct was injected into one- to two-cell stage embryos. Primers are listed below:

Pm1952: 5′-AGGCCATGTGTCCTAAATTCTG;

Pm1772: 5′-GAATGTGAGCACAAGTCGGAGTG;

Pm1522: 5′-CATTAACGTCTGCCAATTGCACG;

Pm1008: 5′-GATTCACTCTGCAGGAATTTGAC;

Pm461: 5′-GTTGTCTGTTAAACCCTCACAGG;

Pm252; 5′-CTTCCCCCTGTCTCTGAACTAAAT;

Pm234: 5′-CTAAATTAGCCCTCCGCTATCAGAGAA;

Pm207: 5′-CCTAAAATGGAGAGCTAACAAAT;

Pm184: 5′-CTCTACAAAGATAAGACTTAACTCAACTA;

Pm155: 5′-GCAGGTTCTTGTTTCTCGCTAA;

PmEGFP: 5′-GAACAACACTCAACCCTATCTCG.

Generation of deletions and mutations of Prx2/S8 or Nkx2.5 binding site

All Prx2/S8-deletion constructs were made one by one with QuickChange® site-directed

mutagenesis kit (Stratagene). The Prx2/S8-deletion construct p1952Δp1 (−234/−218) was

made using pvmhc-EGFP1 as a template, and the p1952Δp1-2 (−234/−218; −616/−600) was

made using p1952Δp1 as a template. The p1952Δp1-3 (−234/−218; −616/−600;

−1808/−1792) and the p1952Δp1-4 (−234/−218; −616/−600; −1808/−1792; −1862/−1846;

−1855/−1939) were made in the same manner. Primers are listed below.
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L1 5′-CTCTTCCCCCTGTCTCTGAACCTCCGCTATCAGAGAACCT

R1 5′-AGGTTCTCTGATAGCGGAGGTTCAGAGACAGGGGGAAGAG

L2 5′-CCCTCCTTAAGCTCTCTGGCATGAGGCATGCAGTTC

R2 5′-GAACTGCATGCCTCATGCCAGAGAGCTTAAGGAGGG

L3 5′-CATTCATGGATAATGTGAGACCAGTGAGAACAAAAT

R3 5′-ATTTTGTTCTCACTGGTCTCACATTATCCATGAATG

L4 5′-TACAGTACAGGCCTTATCCAGCCAGCTGTTATGCTG

R4 5′-CAGCATAACAGCTGGCTGGATAAGGCCTGTACTGTA

P1952ΔNKE constructs was made with QuickChange® site-directed mutagenesis kit

(Stratagene), and primers used for P1952ΔNKE were listed below.

L1 5′-CAGAACAGAACAGTCTTATCTCCATGTTTATCTGTTGA

R1 5′-TCAACAGATAAACATGGAGATAAGACTGTTCTGTTCTG

Mutant Constructs P234M1, P234M2, P234M3, P234M4 and P234M5 were generated by

PCR using mutant primers and each containing 2-bp mutant bases (Table 2; underlined).

These primers were used in conjunction with the downstream EGFP primer for PCR using

pvmhc-EGFP1 as the template. These PCR products were gel-purified and used directly for

microinjections.

Microinjection of antisense morpholino oligonucleotides

prrx1b (5′-TGAGGTGTGAAGTTTACCTGAACTC) splicing morpholinos were designed

and synthesized (Gene tools, inc.). Morpholinos were dissolved in 1X Danieau buffer (58

mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM CaNO3, 5mM HEPES, pH7.6) and were

injected into one- to two-cell embryos (10ng/embryo). EGFP expression was observed

under SZX-RFL3 fluorescent lens attached to Olympus SZX12 microscope and was

photographed using a DP70 digital camera. Merged white and fluorescent images were

processed using Olympus DP Controller software.

Real-time PCR analysis

For relative quantification, the reactions were performed in a total volume of 20 μL,

containing 10 μL of SYBR® Premix Ex Taq™ Master Mix (TaKaLa, Japan), 10 ng of

cDNA, and 4 pmol of each primer. Real-time PCR was performed in Rotor-Gene 3000

Instrument (Corbett research, Australia). The samples were analyzed in triplicate. β-actin

was used as an internal control. Assay results were collected and analyzed using the Rotor-

Gene Real-Time Analysis Software 6.0 (Corbett research, Australia). Relative quantification

of target gene expression was evaluated using the comparative CT method (Schmittgen and

Livak, 2008). The primer sequences used are listed.

β-actin: 5′-TGCTGTTTTCCCCTCCATTG

β-actin: 5′-TCTGTCCCATGCCAACCAT

EGFP: 5′-AGCAAAGACCCCAACGAGAA
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EGFP: 5′-GCGGCGGTCACGAACTC

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spatial and temporal expression of vmhc:EGFP in zebrafish embryos
A–E: Fluorescent optics revealing expression of vmhc-EGFP in the lateral plate mesoderm

(A), the cardiac cone (B), the ventricular portion of the heart tube (C) and the ventricle (D)

in Tg[vmhc:EGFP] embryos, as well as cmlc2-EGFP expression in the ventricle and the

atrium in Tg[cmlc2-EGFP] embryos (E). F–J: Whole-mount in situ analysis showing

expression of vmhc in the lateral plate mesoderm (F), the cardiac cone (G), the ventricular

portion of the heart tube (H) and the ventricle (I), as well as cmlc2 expression in both

cardiac chambers (J). Dorsal views with anterior to the top (A,B,F,G). Lateral views (C,H).

Ventral views (D,E,I, J). Red arrows: Ventricular myocytes: Blue arrows: Atrial myocytes.

Black arrows: somites.
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Figure 2. Schematic representations of consensus binding elements within 1952-bp upstream
region of zebrafish vmhc/mouse β-MHC/human MYH7, as well as a deletion series in the
zebrafish vmhc promoter region
Vertical lines represent consensus binding sites for transcriptional factors of Nkx family,

GATA family, Prx2/S8, and Mef2. All promoter deletions (blue lines) are linked to EGFP

and SV40-polyA sequence (not shown).

Jin et al. Page 13

Dev Dyn. Author manuscript; available in PMC 2014 July 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Effects of vmhc promoter deletions on transgene EFFP expression in the ventricle
A–D: Embryos injected with a series of distal promoter deletion constructs at one or two cell

stages were examined for transient EGFP expression at 48 hpf using fluorescent

microscopy. Fluorescent optics showing ventricular EGFP expression in embryos injected

with P1008 (A, B) and reduced EGFP expression in embryos with P234 injection (C, D).

Reduced EGFP fluorescence typically correlates with smaller vmhc promoter. Red and blue

lines sketch the ventricle and atrium, respectively. E: Bar graph showing percentages of

embryos that express EGFP in the ventricle in microinjection of each deletion construct

(P1952, P1772, P1522, P1008, P461, P252 and P234). F: Bar graph depicting percentages of

ventricular EGFP-expressing embryos injected with Prx2/S8-deletion constructs (P1952

ΔP1, P1952 ΔP1-2, P1952 ΔP1-3, P1952Δ P1-4). The total number of embryos injected

with each construct is shown in parenthesis. Ventral views (A–D).
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Figure 4. vmhc promoter deletions caused ectopic EGFP expression in the atrium
A–D: Fluorescent optics revealing the ectopic EGFP expression in the atrium and its normal

ventricular expression in embryos with P1522 injection (A,B), as well as reduced EGFP

expression in both chambers with P461 injection (C,D). Red and blue lines sketch the

ventricle and atrium, respectively. E: Bar graph showing the percentage of embryos that

express EGFP in the ventricle (blue) or the atrium (magenta) in embryos injected with each

construct. The total number of embryos injected with each construct is shown in parenthesis.

The ventricular expression data is the same as Fig.3.
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Figure 5. mef2a and prrx1b knockdown reduced transgene EGFP expression
A–D: Lateral view showing reduced EGFP expression in embryos injected with mef2a-MO

and prrx1b-MO (B,D), when compared to embryos injected with control morpholinos (A,C).

Red arrows: ventricle. Blue arrows: atrium. E–F: Bar chart depicting relative EGFP

expression folds in mef2a and prrx1b morphants versus control embryos injected with

mismatched morpholinos. Three independent experiments were conducted. Error bars

indicate standard deviation, and asterisks indicate statistical significance between morphant

and control embryos (p<0.01). G: Schematic graph depicting the prrx1b gene structure and

the inhibitory splicing donor site targeted by prrx1b-MO. Red bar: prrx1b morpholinos. Red

arrowhead: stop codon. Black arrow: sequence primers.
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