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Abstract

Nkx2-5 is a homeobox-containing transcriptional regulator that serves as one of the earliest 

markers of cardiac lineage commitment. To study the role of Nkx2-5-expressing progenitors at 

specific time points in cardiac development, we have generated a novel and inducible NKX2-5 

mouse line by knocking in a CreER cassette into the Nkx2-5 genomic locus, while preserving the 

endogenous Nkx2-5 gene to avoid haplo-insufficiency. We evaluated the specificity and efficiency 

of CreER activity after 4-OHT injection by crossing Nkx2-5CreER/+mice with a Rosa26tdT/+ 

reporter strain. Our immunohistochemistry results confirmed Cre-induced tdTomato expression 

specifically in cells expressing Nkx2-5. These cells were mainly cardiomyocytes and were 

observed in the embryonic heart as early as day 9.5. Additionally, quantitative PCR on postnatal 

hearts showed enriched expression of Nkx2-5 in isolated tdTomato-expressing cells. No tdTomato 

expression was observed in Nkx2-5CreER/+;Rosa26tdT/+ mice in the absence of 4-OHT, confirming 

the inducible nature of CreER activity. The Nkx2-5/CreER mouse model described in this paper 

will serve as an invaluable tool to trace myocardial lineage and to temporally induce genetic 

manipulation in a selective population of cardiac progenitors during embryonic development and 

in the adult heart.

Keywords

Nkx2-5; inducible CreER recombinase; cardiac development

INTRODUCTION

The cardiovascular system plays a vital role in embryogenesis and is the first functional 

organ within the developing embryo. Heart formation occurs around embryonic day (E) 7.5 
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in the mouse, when the anterior lateral plate mesoderm commits to a cardiogenic fate in 

response to endodermal signals (Nascone and Mercola, 1996). These precursors converge 

along the ventral midline to eventually form the linear heart tube around E8.0. The heart 

then initiates contractions and regular rhythm is generally established by E9.0.

This process is highly regulated by a complex network of signaling pathways and 

transcription factors. An important transcription factor that serves as one of the earliest 

markers of cells committed to a cardiac fate is Nkx2-5 (Lyons et al., 1995). It was originally 

discovered as a homologue of tinman in Drosopholia, a required gene in heart development 

(Bodmer et al., 1990). This homeobox-containing transcription factor binds to DNA and 

regulates the transcription of genes such as myosin light chain 2v (MLC2v), MEF2C, and 

atrial natriuretic peptide (ANP), which are essential for the embryonic heart to develop 

beyond the looping morphogenesis stage (Akazawa and Komuro, 2005). Nkx2-5 works in 

conjunction with other cofactors, such as GATA-4, Tbx5, and Srf to promote the expression 

of cardiac differentiation and maturation genes (Chen and Schwartz, 1996; Sepulveda et al., 
1998). Disruption of these regulatory processes contribute to congenital heart diseases, 

which holds a significant burden in newborns (van der Bom et al., 2011; van der Linde et al., 
2011). Mice that completely lack Srf demonstrate restricted mesoderm formation (Niu et al., 
2005) and even heterozygous mutations of the Nkx2-5 gene can result in defects in the 

cardiac conduction system. In homozygous Nkx2-5 null mice, cardiomyocyte differentiation 

and linear heart tube formation occurs normally, however, looping morphogenesis is 

disrupted (Lyons et al., 1995). Further studies on Nkx2-5 found that the gene was expressed 

in the heart starting at E7.5 and in the spleen, tongue, stomach, and thyroid later during 

embryonic development, however sustained expression to adulthood occurs only in the heart 

(Kasahara et al., 1998).

To elucidate the role of Nkx2-5 in cardiac development, a cardiac-specific Nkx2-5-driven 

Cre-loxp mouse system has been developed (Moses et al., 2001). The Cre-loxp system has 

been a revolutionary tool for developmental research. This system allows for the targeting of 

genes through promotor-driven Cre recombinase excision of loxp-flanked regions within the 

genome, allowing for tissue- or cell-specific gene alterations (Orban et al., 1992). The 

currently available Nkx2-5 Cre mice have proven to be extremely useful in targeting the 

majority of Nkx2-5 expressing cells, however, there exist limitations to the types of studies 

that can be performed using these mice. The Cre-loxp system lacks the ability to temporally 

control the expression of Cre, thus hindering the ability to study a finite number of Nkx2-5-

expressing cells at a given time point in cardiac development.

To overcome these limitations, we have generated a novel Nkx2-5 mouse model utilizing the 

inducible Cre-ER system. The Cre-ER system uses a Cre that is fused with a mutated ligand-

binding domain of a 4-hydroxytamoxifen (4-OHT)-responsive estrogen receptor (Feil et al., 
1996; Feil et al., 1997; Metzger et al., 1995; Zhang et al., 1996). Cre recombination occurs 

only in the presence of 4-OHT which then enables the excision of the loxp-flanked sites. 

This system provides an additional level of versatility, allowing temporal control of 

recombinase activity. Herein, we provide a technology report characterizing the inducible 

expression of Cre-recombinase protein specifically in Nkx2-5 cells at various stages of 

cardiac development.
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RESULTS

Generation of Nkx2-5/CreER mice

The targeting vector Nkx2-5IRESCre was a generous gift from Dr. Richard P. Harvey’s 

laboratory. It consisted of a gene cassette (IRES-Cre) carrying an internal ribosome entry 

site linked to the gene encoding a nuclear-localizing recombinase, which was targeted to 

integrate into the 3′ untranslated region (utr) of the endogenous Nkx2-5 gene. This vector 

was further modified by replacing the Cre sequence with the CreERT2 downstream of the 

IRES site. The resulting construction vector included a hygromycin resistance gene cassette 

(pgk-HYGRO-pA) flanked by yeast flp recombinase target (frt) sites. This entire selection 

cassette was inserted downstream of IRES-CreERT2 on the targeting vector. The correct 

targeting occurred at a frequency of ~ 1 in 7 (22/152) hygromycin-resistant ES cell clones. 

Blastocyst injection of a single correctly targeted clone produced chimeric animals that 

passed the modified allele through the germline, generating the strain Nkx2-5-IRES-

CreERT2-HYGRO. To remove the pgk-HYGRO-pA cassette, founders were crossed with 

transgenic mice expressing the Flp recombinase gene (FLP1) in germ cells (Figure 1a). 

Founders of this new strain (Nkx2-5IRESCreERT2) were backcrossed onto C57BL/6 mice. 

Validation and genotyping of mice were performed by Southern blot analysis and PCR. The 

resulting transgenic mice were fully viable, healthy, and fertile over several generations. In 

addition, this strategy resulted in preservation of the endogenous Nkx2-5 gene to avoid 

haplo-insufficiency, which may inadvertently influence developmental studies. Mice were 

genotyped by PCR using Cre-for (5′-TGCAGGTTTTGAGCCCTAAC-3′) and Cre-rev (5′-

CGAGAATGACTTCCCTGTCC-3′) (Figure 1b).

Characterization of Nkx2-5/CreER activity

In order to follow and confirm Nkx2-5/CreER expression, Nkx2-5CreER/+ mice were crossed 

with Rosa26tdT/+ reporter mice, which contain a loxp-flanked stop cassette preceding a 

CAG-promoter driven tdTomato gene (Figure 2a). Mice were crossed for timed pregnancies 

and, at E9.5, dams were injected intraperitoneally with 4-OHT to induce Cre expression in 

embryos (Figure 2b). Nkx2-5CreER/+;Rosa26tdT/+ embryos demonstrate Cre-induced 

tdTomato expression as early as E9.5 days. Nkx2-5CreER/+;Rosa26tdT/+ embryos (E16.5) or 

postnatal (P3) mice that had not been injected with 4-OHT demonstrated no tdTomato 

expression, confirming the inducible nature of Cre activity (Figure 2c). To confirm 

specificity of Cre activity, immunohistochemistry for Nkx2-5 on E16.5 embryos was 

conducted after E9.5 4-OHT injection (Supplementary Figure 1a and Figure 2d). Z-stacking 

confirmed the co-localization of Nkx2-5 and tdTomato (Supplementary Figure 1b and c), 

demonstrating that labeled cells do express Nkx2-5. However, we also observed tdTomato+ 

cells that did not stain positive for Nkx2-5, likely as a result of temporal expression of 

Nkx2-5. The genetic labeling that occurs from Cre-recombinase activity is a permanent 

lesion, resulting in the expression of the fluorescent protein in the progeny of the initially 

labeled cell, even in the absence of Nkx2-5 expression. Additionally, tdTomato+ cells were 

sorted by fluorescence activated cell sorting (FACS) from P2 pups and quantitative-PCR 

(qPCR) was conducted for expression of Nkx2-5. Compared to blood samples, tdTomato+ 

cells exhibited significantly higher expression of Nkx2-5 (Figure 2e). Overall, these results 

validate the specificity of Nkx2-5/CreER activity through administration of 4-OHT.
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Tissue Specificity of Nkx2-5/CreER activity

To confirm that Nkx2-5/CreER activity is mainly confined in cardiac tissue during 

embryonic development, Nkx2-5CreER/+;Rosa26tdT/+ embryos that had been exposed to 4-

OHT on E9.5 were isolated at E16.5. Fluorescence microscopy shows that tdTomato 

expression is seen in the heart, but not in the lung, kidney, liver, spleen, or brain (Figure 3a). 

Next, we performed a comprehensive time-course analysis of Nkx2-5CreER/+;Rosa26tdT/+ 

embryos at different embryonic stages (E11.5, E13.5 and E16.5) after 4-OHT injection at 

E9.5 (Figure 3b). As shown in Figure 3c, tdTomato+ cells mainly contributed to α-

sarcomeric actinin+ (α-actinin+) cardiomyocytes within the embryonic hearts, regardless of 

the time point for analysis. This was further confirmed by qPCR on tdTomato+ cells sorted 

from P2 neonates, which showed significantly higher levels of α-myosin heavy chain 

(Myh6) expression, which is specific to cardiomyocytes, compared to blood samples 

(Supplementary Figure 2a). Quantitative analysis of heart sections over the course of 

embryonic development showed a significant increase in the percentage of tdTomato+ 

cardiomyocytes over time, indicating the proliferative nature of tdTomato+ cells during 

embryonic heart development (Figure 3d). These results show that cells labeled by tdTomato 

exhibit traits that would be expected of cells expressing Nkx2-5 or progeny of cells that had 

at one point expressed Nkx2-5.

To test whether our Nkx2-5/CreER driver is still active at later stages of embryonic 

development, we injected 4-OHT intraperitoneally at E13.5 and analyzed the heart sections 

at E16.5 (Supplementary Figure 2b). As shown in Supplementary Figure 2c, tdTomato 

labeled cells were detected within the heart. We also verified whether recombination that 

occurs embryonically can be detected in postnatal mice, Nkx2-5CreER/+ mice were crossed 

with mTmG reporter mice and the dams were injected at E19.5 for postnatal analysis 

(Supplementary Figure 2d). mTmG is a double fluorescent Cre reporter mouse that 

expresses membrane-bound tdTomato fluorescent protein prior to Cre mediated excision 

and, upon Cre recombination, cells permanently express membrane-bound GFP. 

Nkx2-5CreER/+;Rosa26tdT/+ embryos that were exposed to 4-OHT on E19.5 showed GFP+ 

recombined cells within the heart at P2 (Supplementary Figure 2e). These results also 

confirmed that our model is not restricted for use in Rosa26tdT/+ reporter mice. Furthermore, 

these data indicate that cardiac cells continue to express Nkx2-5 during late stages of 

embryonic development, which can be labeled and subsequently traced postnatally.

Discussion

In summary, we have shown that the Nkx2-5/CreER mouse model is an effective tool for 

studying Nkx2-5-expressing cells in an inducible manner. By crossing Nkx2-5CreER/+ mice 

with Rosa26tdt/+ reporter mice, we have demonstrated the ability to use 4-OHT to induce 

CreER activity in Nkx-expressing cells during specific time points in development. Upon 4-

OHT injection at E9.5, Cre recombinase activity was found to be mainly in the heart and 

tdTomato+ cells were found to mainly contribute to cardiomyocytes. Patterns of tdTomato 

expression correlated with what we would expect of Nkx2-5 expression (Kasahara et al., 
1998).
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The Nkx2-5/CreER mouse model will serve as an invaluable tool for studying cardiogenesis 

at different time points of development. The inducible nature of this transgenic mouse model 

allows for targeting of early progenitor cells committed to the cardiac lineage, and can thus 

be used in multiple applications. As demonstrated by our results, when crossed with a 

reporter mouse strain, there is effective labeling of Nkx2-5-expressing cells whose progeny 

can be traced. Use of this mouse model for selective labeling and lineage tracing of cardiac 

cells at different time points will provide valuable information on the fate of cells originating 

from Nkx2-5-expressing progenitors. Alternatively, this mouse model can be used to 

manipulate gene targets in a cell- and time-specific manner. Certain genes are necessary at 

the beginning stages of embryogenesis and thus full-body knockouts may cause unwarranted 

phenotypes and lethality. The Nkx2-5/CreER mouse model bypasses these obstacles and 

allows for a more controlled system for genetic targeting. With this model, it is possible to 

manipulate the expression of a variety of cardiac-related gene targets such as cardiac-

specific transcription factors in order to evaluate their role at specific stages in cardiogenesis. 

This facilitates a more detailed mapping of the complex transcriptional network that 

regulates the formation of the embryonic heart. The Nkx2-5/CreER mouse model will serve 

as an invaluable tool to investigate cells of myocardial lineage during embryonic 

development.

METHODS

Mice

All procedures were carried out with the approval of the University of California, Los 

Angeles (UCLA). Rosa26tdT/+ (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J) and 

Rosa26mTmG/+ (Gt (ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J) reporter mice were 

both obtained from the Jackson Laboratory and have been described previously. Upon 

publication, Nkx2-5/CreER mice will be available to the academic research community 

upon request to the Ardehali lab.

4-OHT Preparation and Injection

4-OHT (Sigma, H7904) was first dissolved in absolute ethanol to a concentration of 100 

mg/ml by sonication, followed by dilution with corn oil to a final stock concentration of 10 

mg/ml. Stock solutions were used within 3 days of preparation. To achieve minimum 

recombination, one dose of 4-OHT was given through intraperitoneal injection.

Immunohistochemistry

For frozen sections, isolated tissues from murine embryos were fixed in 4% 

paraformaldehyde for 4 hours and then placed in 30% sucrose overnight in 4°C. Afterwards, 

the tissues were embedded in OCT (Fisher Healthcare™, catalog # 23-730-571), stored at 

−80°C, and then cut by a cryostat to 7μm wide sections. These sections were directly used 

for immunohistochemistry. For paraffin sections, embryos were fixed in 4% 

paraformaldehyde for 4 hours and then embedded in paraffin. Once cooled to room 

temperature, the blocks were sectioned 7μm thick. Prior to immunohistochemical staining, 

sections were deparaffinized by several xylene and ethanol washes and then rehydrated 

using tap water. Next, slides underwent an antigen retrieval step, where they were boiled 
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(95°C–100°C) in sodium citrate buffer (pH 6) for 10 minutes. For frozen sections, slides 

were incubated in 0.2% TritonX-100 for 10 minutes at room temperature prior to blocking 

step. 10% goat serum in PBS with 1% BSA and 0.1% saponin was used for both frozen and 

paraffin embedded sections for a minimum of an hour in room temperature. The following 

primary antibodies were added at their respective dilutions: Nkx2-5 (R&D Systems, 

MAB2444-SP, 1:20), tdTomato (Abcam, ab62341, 1:100), α-actinin (Sigma, A7811, 1:400) 

in blocking buffer overnight in 4°C. Slides were incubated with the following secondary 

antibodies for 1 hour at room temperature: Goat Anti-Mouse Alexa Fluor 488 (Invitrogen, 

A11037, 1:200) and Goat Anti-Rabbit Alexa Fluor 594 (Invitrogen, A11001, 1:200). Washes 

with PBS-Tween were performed before and after the addition of secondary antibody. 

Coverslips were then mounted onto slides using DAPI-containing mounting medium (Vector 

laboratories, catalog #H-1200), and imaged by a Leica inverted fluorescence microscope.

Fluorescence Activated Cell Sorting

Hearts from postnatal mice (day2) were isolated and digested into single cells by incubation 

with collagenase type II (0.125 U/mL) (Worthington, cat. LS004176) in 37°C for 30 

minutes. The cells were pipetted every 10 minutes to ensure complete digestion. The cells 

were then centrifuged at 300×g for 10 minutes, resuspended in FACS buffer (3% FBS in 

PBS), and sorted immediately by using a BD FACSAria cell sorter.

cDNA synthesis and Quantitative-PCR

Cells were sorted by FACS directly into Trizol LS (Invitrogen, cat. 10296028) and RNA was 

extracted following the manufacturer’s protocol. RNA was then quantified by Nanodrop and 

cDNA was synthesized using the BioRad Reverse Transcriptase kit (BioRad, cat. 1708840). 

For Q-PCR, SYBR Green mix (BioRad, cat. 1725270) and primers (IDT DNA) targeting 

respective genes (sequences outlined in Table 1) were added to synthesized cDNA and run 

through a BioRad cell cycler (BioRad, cat. 1855195).

Statistical Analysis

Statistical testing was performed with GraphPad Prism version 6. Results are presented as 

mean ± SEM and were compared using a 2-tailed Student t test (significance was assigned 

for P < 0.05 and P < 0.0001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Generation of the Nkx2-5/CreER model. (a) Schematic of the Nkx2-5 wild-type allele, gene 

targeting construct and resultant mutant alleles before (Nkx2-5IRES-CreER-pgkHYGRO) 

and after (Nkx2-5IRES-CreER) flp-mediated deletion. (b) DNA gel electrophoresis 

confirming the presence of the 650 bp Nkx2-5CreER band. Lanes 1 and 2: Nkx2-5CreER/+, 

Lanes 3 and 4: WT control.
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FIG. 2. 
Characterization of Nkx2-5/CreER expression. (a) Schematic of cross-breeding of 

Nkx2-5CreER/+ with Rosa26tdT/+ mice. (b) Timeline of 4-OHT injection in E9.5 

Nkx2-5CreER/+;Rosa26tdT/+ for IHC analysis at E16.5 and qPCR at P2. (c) E16.5 hearts and 

P3 hearts were analyzed for tdTomato expression in the absence of 4-OHT administration. 

There was no visible CreER activity. (d) High tdTomato expression is observed in the 

embryonic heart of mice labeled at E9.5 and analyzed at E16.5. Inset: shows co-localization 

of Nkx2-5 staining with tdTomato+ cells. (e) qPCR analysis was performed on tdTomato+ 

sorted cells from P2 hearts showing almost a 3-fold increase in Nkx2-5 expression compared 

to blood cells. Values are means ± SEM; *P < 0.05, Scale bar = 500 μm.
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FIG. 3. 
Characterization of Nkx2-5/CreER tissue specificity. (a) In embryos labeled at E9.5 and 

analyzed at E16.5, expression of tdTomato was observed in the atria, ventricles, and septal 

regions of the developing heart. No tdTomato expression was observed in the lung, kidney, 

liver, spleen, or brain. (b) Timeline of 4-OHT injection in E9.5 Nkx2-5CreER/+;Rosa26tdT/+ 

embryos for time course analysis. (c) Immunohistochemistry of E11.5, E13.5, and E16.5 

hearts labeled at E9.5 with α-actinin shows co-localization of tdTomato+ cells with α-

actinin. α-actinin+ tdTomato+ cardiomyocytes are found in both the atria and ventricles at 

each time point of analysis. (d) Quantification of the percentage of α-actinin+ tdTomato+ 

cardiomyocytes within the tdTomato+ cell population demonstrates a significant increase 

over the course of embryonic development. Values are means ± SEM; *P < 0.05, NS = non-

significant; Scale bar: 500 μm.
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Table 1

qPCR Primers

Gene Sequence

Gapdh
F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA

Nkx2-5
F: ACCTTTAGGAGAAGGGCGATG

R: GAGGGTGGGTGTGAAATCTGA

Myh6
F: ACATGAAGGAGGAGTTTGGG

R: GCACTTGGAGCTGTAGGTCA
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