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Abstract Here we report the use of double-stranded RNA (dsRNA) and morpholino technologies to specifically ‘knock down’ gene expression in early postimplantation mouse embryos. Sequence specific interference mediated by either dsRNA or by morpholino has been a useful tool for studying gene function in several organisms. However, specifically for the dsRNA, doubts have been raised about whether it could successfully be applied on vertebrate embryos. We demonstrate that electroporation of dsRNA directed against Otx2 or Foxa2 into postimplantation mouse embryos results in specific knock down of the expression of the respective endogenous genes in a region- and germ-layer specific manner. We also show that electroporation of morpholino directed against Foxa2 into the node of mouse embryos leads to a specific down regulation of Foxa2 expression in the floor plate. Our results demonstrate for the first time that dsRNA and morpholino technologies can be successfully applied in early postimplantation mouse embryos to specifically knock down gene expression. q 2002 Elsevier Science Ireland Ltd. All rights reserved. Keywords: Otx2; Foxa2; Double stranded RNA; Morpholino; Electroporation; Mouse; Postimplantation; Node; Forebrain; Midbrain



1. Introduction Specific gene inactivation in the mouse by homologous recombination in ES cells has significantly enhanced our understanding of the genetic pathways that regulate embryogenesis in vertebrates (reviewed in, Ledermann, 2000). However, if a gene product functions widely in the embryo or is repeatedly used in space and time, this technique harbors several disadvantages. Moreover, if a gene has an essential early function its inactivation by knockout would not allow any further analysis of possible later functions during development. In theory, Cre-mediated gene inactivation circumvented some of these problems (reviewed in Nagy, 2000), however in practice this method is laborious and is limited by the availability of tissue-specific promoters. Some of these problems could potentially be overcome if one could apply the methods of double-stranded RNA (dsRNA) interference of gene expression or morpholino oligonucleotides suppressed translation of targeted genes, on postimplantation mouse embryos. Moreover, by electro* Corresponding author. E-mail address: [email protected] (S.-L. Ang).



porating dsRNA or morpholinos into specific regions of postimplantation mouse embryos one could generate region- and germ layer-specific ‘knock downs’ of genes expressed at a precise stage of development. Double-stranded RNA interference (RNAi) has been first developed in Caenorhabditis elegans and subsequently has been successfully applied in other eukaryotes, including Drosophila melanogaster, Trypanosoma brucei, planarians, plants and with limited success also in zebrafish embryos. The destruction of the targeted mRNA by dsRNA occurs prior to translation (reviewed in: Fire, 1999; Sharp, 1999; Bosher and Labouesse, 2000; Plasterk and Ketting, 2000; Sijen and Kooter, 2000; Zamore et al., 2000) and targets exon sequences. Genetic approaches in C. elegans have identified the molecular mechanism involved in the RNAi mediated pathway of mRNA degradation (Ketting et al., 1999; Tabara et al., 1999; Smardon et al., 2000). Morpholinos are chemically modified oligonucleotides (Summerton and Weller, 1997) which bind to and block translation of mRNA in vitro, in tissue culture cells (reviewed in Summerton, 1999; Summerton and Weller, 1997) and in whole embryos. The latter approach has already been proven to be a successful method to knock
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down the function of specific genes in zebrafish, Xenopus and chick (Nasevicius and Ekker, 2000; Heasman et al., 2000; Kos et al., 2001). Both methods have also recently been successfully applied on preimplantation mouse embryos by injecting dsRNA or morpholinos into mouse oocytes These studies demonstrate that specific RNAi can phenocopy maternal cmos 2/2 and zygotic E-cadherin 2/2 phenotypes Wianny and Zernicka-Goetz, 2000; Svoboda et al., 2000). A morpholino directed against c-mos, when injected into mouse oocytes, also resulted in phenotypes similar to the mos mutation (Coonrod et al., 2001). These results prompted us to investigate whether these methods can also be used to down regulate gene expression in early postimplantation mouse embryos, by using in vivo electroporation (Akamatsu et al., 1999; Inoue et al., 2001; Osmui and Inoue, 2001; reviewed in Inoue and Krumlauf, 2001) to deliver either dsRNA or morpholino molecules into specific tissues of whole embryo, followed by whole-embryo culture (Osmui and Inoue, 2001). We show that electroporation of dsRNA or morpholinos into distinct regions of 7.5 d.p.c. mouse embryos successfully interferes with specific gene expression in a tissue- and germ-layer specific manner. dsRNA directed against Otx2 (Otx2 dsRNA) and Foxa2 (Foxa2 dsRNA) results in a specific down regulation of endogenous Otx2 and HNF3b expression, respectively. The phenotypes of dsRNA-treated embryos are consistent with known functions of these genes from the analysis of corresponding mouse mutants. In addition, we show that a morpholino directed against Foxa2 (Foxa2 morpholino) leads to down regulation of Foxa2 expression in the floor plate as Foxa2 dsRNA, albeit to a lesser extent.



2. Results and discussion 2.1. Electroporation of dsRNA specific for Foxa2 and Otx2 leads to specific down regulation of the corresponding endogenous gene To determine if dsRNA electroporation is effective to down regulate the expression of endogenous genes in postimplantation mouse embryos, we decided to knock down specifically Foxa2 and Otx2 expression. Specific antibodies to these genes are available (Filosa et al., 1997; Baas et al., 2000), and the phenotypes of mouse embryos carrying null mutations in Foxa2 and Otx2 are well characterized. Foxa2 is strongly expressed in the floor plate, notochord and definitive gut endoderm of 8.5 d.p.c. mouse embryos. Previous studies demonstrate that inactivation of Foxa2 activity leads to a loss of all midline notochord and floor plate cells (Ang and Rossant, 1994; Weinstein et al., 1994). Otx2 is a homeobox gene expressed in all three germ layers of anterior regions of the mouse embryo at 8.5 d.p.c. up to the level of the mid-hindbrain boundary (Ang et al., 1994). Inactivation of Otx2 by homologous recombination leads to



a truncation of the anterior brain rostral to rhombomere two (Acampora et al., 1995; Matsuo et al., 1995; Ang et al.,1996; Rhinn et al., 1998) in mouse embryos. In addition, further analysis showed that Otx2 is first required in the visceral endoderm for induction of the forebrain and midbrain. Subsequently, Otx2 is also required in embryonic tissues for the maintenance of the rostral brain, since these tissues although initially formed are missing by the 6–8 somite stage in chimeric embryos (Rhinn et al., 1998). To determine whether electroporation can be use to introduce DNA and RNA molecules specifically to the floor plate, we first electroporated a control LacZ expression construct into the dorsal layer of the node of 7.5 d.p.c. mouse embryos. The presence of double-labeled b-galactosidase and Foxa2 cells in the floor plate shows the specific electroporation of floor plate precursors. Moreover, the normal morphology of the cultured electroporated embryos indicates that the electroporation by itself is not harmful to early embryonic development (Fig. 1A, B). After having established the electroporation and whole-embryo culture conditions, an overall electroporation efficiency of 70– 80% was achieved. To investigate whether Foxa2 dsRNA is effective in down regulating endogenous Foxa2 expression, we co-electroporated embryos with a Foxa2 dsRNA and a LacZ expression construct. After 24–36 h culture, embryos were double-labeled for the expression of lacZ and Foxa2. Foxa2 expression was severely reduced or missing in the ventral part of the neural tube in electroporated embryos (Fig. 1C, D). In addition, Foxa2 expression in the notochord was frequently absent (data not shown), and in some cases the notochord was displaced ventrally away from its close proximity to the neural tube (Fig. 1D). Loss of the notochord is most likely a secondary consequence resulting from loss of the floor plate, since we have not observed LacZ-positive notochord cells in electroporated embryos. Different concentrations of dsRNA were tested, in the range of 10– 150 ng/ml (Table 1). The most efficient electroporation was obtained at a concentration of 100 ng/ml of dsRNA, where the majority of the embryos showed a strong down regulation of Foxa2 expression (Fig. 1C and Table 1). Higher concentrations of Foxa2 dsRNA did not enhance this phenotype. With concentrations lower than 100 ng/ml, about the same number of embryos showed a down regulation of Foxa2 expression, although the severity of the phenotype varied (data not shown). The interference with gene expression was specific, as shown by electroporation of Otx2 dsRNA, a gene that is not expressed in the node of wildtype embryos. Otx2dsRNA did not lead to a down regulation of Foxa2 expression or to the loss of the floor plate (Fig. 1E, F). To determine that the Otx2 dsRNA is effective in down regulating the endogenous expression of Otx2, we co-electroporated it together with a LacZ expression construct into one side of the presumptive forebrain and midbrain of mouse embryos at 7.5 d.p.c. In this way, the un-electropo-
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(Rhinn et al., 1998). To analyze for the loss of Otx2 expression at the cellular level, we co-electroporated Otx2 dsRNA together with a GFP expression construct. After 24–36 h culture, electroporated embryos were double-stained for Otx2 and GFP by immunohistochemistry on tissue sections. Otx2 dsRNA leads to a specific down regulation of endogenous Otx2 expression in electroporated cells (Fig. 2E) visualized by the absence of doublelabeled cells. Similar to the results obtained for Foxa2 dsRNA, Otx2 dsRNA showed a dose-dependant effect with optimum results obtained at a concentration of 150 ng/ml of dsRNA (Table 1). In contrast, electroporation of Foxa2 dsRNA into the same domain had no effect on the expression of Otx2 (Fig. 2H), or on the development of the forebrain and the midbrain (Fig. 2F, G). This result demonstrates that the loss of brain tissue and of Otx2 expression is not due to a non-specific effect of the electroporated dsRNA. Taken together, both dsRNA tested so far led to a very specific down regulation of the endogenous gene expression. The control electroporation, with dsRNA unrelated to the analyzed gene, further showed that dsRNA has no side effects and does not lead to a nonspecific down regulation of gene expression. 2.2. Electroporation of Foxa2 specific morpholino leads to down regulation of its endogenous expression Fig. 1. Electroporation of Foxa2-specific dsRNA into the node of mouse embryos results in loss of endogenous Foxa2 expression in the neural tube. Mouse embryos (7.5 d.p.c.) were electroporated either with a LacZ expression vector alone (A) or in combination with Foxa2 dsRNA (C) or together with Otx2 dsRNA (E). (A) A wild-type embryo showing co-expression of b-galactosidase (blue) and Foxa2 (brown) in the floor plate (arrowhead). (B) A transverse section of the embryo depicted in (A) showing similar expression of Foxa2 in the floor plate (arrowhead), as is observed in unelectroporated wild-type embryos (data not shown). (C) Embryos electroporated with Foxa2 dsRNA show a down regulation or loss of Foxa2 expression in the neural tube (arrowhead). (D) A transverse section of the embryo shown in (C) confirming the loss of Foxa2 expression in the neural tube (arrowhead). Electroporated embryos frequently show a ventral displacement of the notochord (D, small arrow). (E,F) In contrast, electroporation of Otx2 dsRNA had no effect on Foxa2 and b-galactosidase expression in the floor plate (arrowhead). Dotted lines in (A), (C), and (E) indicate the plane of transverse sections shown in (B), (D), and (F), respectively.



rated side of the embryo could serve as a control for the in vitro culture and electroporation conditions. After 24–36 h culture, electroporated embryos showed a severe reduction specifically of the forebrain and midbrain on the electroporated side (Fig. 2A, C), whereas the un-electroporated side developed normally (Fig. 2B). In addition, electroporated hindbrain region shows no apparent morphological abnormalities (Fig. 2A). These results indicate that the reduction of the forebrain and the midbrain is not due to the in vitro culture conditions or the electric pulse. The specific loss of the forebrain and midbrain is in accordance with results from chimeric studies of Otx2 function, since Otx2 is required in these tissues for their maintenance



To investigate if morpholino oligonucleotides are also effective in down regulating genes in early postimplantation mouse embryos, we electroporated a Foxa2 morpholino together with a LacZ expression construct into the node of 7.5 d.p.c. mouse embryos. After 24–36 h culture, electroTable 1 Frequencies of phenotypes of embryos electroporated with different concentrations of either Foxa2 dsRNA or Otx2 dsRNA a



a Loss of Foxa2 protein in midline tissues is the phenotype scored in Foxa2 dsRNA electroporated embryo. In the case of Otx2 dsRNA, the phenotype scored is a reduction of the forebrain and midbrain. Only embryos showing a moderate to strong expression of the co-electroporated LacZ were analyzed. n ¼ Total number of embryos analyzed.
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Fig. 2. Electroporation of Otx2 dsRNA leads to a down regulation of Otx2 expression and a reduction of the forebrain and midbrain (A–E). Mouse embryos (7.5 d.p.c.) were co-electroporated either with Otx2 dsRNA together with a LacZ expression vector (A,B) or in combination with a GFP expression vector (C–E), respectively. (A,B) Whole mount in situ hybridization showing a severe reduction of forebrain and midbrain tissue expressing Otx2 on the electroporated side of the embryo (A), compared to the domain of Otx2 expressing cells in the brain of the un-electroporated contralateral side of the same embryo (B). Pictures in (A) and (B) were taken at the same magnification, the brackets indicate the forebrain and midbrain region. (C) Bright field image of the embryo shown in (D), showing a reduction of the forebrain (dotted line) on the electroporated side of the embryo, whereas the un-electroporated side developed normally (arrowhead). (D) Expression of GFP in an Otx2 dsRNA/CMV-GFP electroporated embryo is apparent under UV light. (E) A transverse section of the embryo shown in (C) and (D) double stained with an Otx2 specific antibody (red) and an anti-GFP antibody (green). The absence of cells double-labeled for both Otx2 and GFP (yellow) indicates the successful down regulation of endogenous Otx2 expression by Otx2 dsRNA. (F–H) UV/bright field (F) and UV (G) images showing normal development of the forebrain and midbrain in embryos electroporated with Foxa2 dsRNA. (H) A transverse section of the embryo shown in (F) and (G) double-labeled with the Otx2 specific antibody (red) and the anti GFP antibody (green). Co-expression of Otx2 and GFP (yellow cells) demonstrates that the Foxa2 dsRNA has no effect on Otx2 expression. Dotted lines in (D) and (G) indicate the plane of the transverse sections shown in (E) and (H), respectively.



porated embryos were double-labeled for b-gal and Foxa2 expression. The discontinuous expression of Foxa2 protein in the axial midline of electroporated embryos indicates that the Foxa2 morpholino leads to a down regulation of endo-



genous Foxa2 expression in the electroporated tissue (Fig. 3A). Analysis of sections of these embryos confirmed on a cellular level, that in areas where the floor plate has been positively electroporated, as shown by the LacZ-positive cells, a down regulation of Foxa2 protein could be observed (Fig. 3B). Different concentrations were tested ranging from 10 to 200 mM. The best results where obtained with 150 mM, increasing this concentration did not lead to a stronger down regulation of Foxa2 expression (Table 2). In contrast to the Foxa2 dsRNA, where complete loss Foxa2 expression was observed in the neural tube of electroporated embryos, only in a few embryos electroporated with Foxa2 morpholino showed partial loss of Foxa2 protein in the neural tube. We also never observed a down regulation of Foxa2 protein in the notochord or a loss of notochord cells. Electroporation of control morpholino had no effect on the expression of Foxa2 protein (Fig. 3C, D). These results indicate that the Foxa2-specific morpholino leads to specific down regulation of endogenous Foxa2 expression in early postimplantation mouse embryos, albeit less efficiently than Foxa2 RNAi. There could be several reasons for the different efficiency of Foxa2 RNAi and Foxa2 morpholino on the down regulation of Foxa2 expression. An explanation for the lower efficiency could be that the sequence, which we have chosen for the Foxa2 morpholino, is not the most effective one, therefore it might only lead to partial down regulation of Foxa2 expression. Alternatively, another reason for the higher efficiency of dsRNA compared to morpholinos may be explained by their different mechanisms of down regulation of gene expression. Recent biochemical and genetic evidences from Drosophila and C. elegans demonstrate that a RNA-directed RNA polymerase chain reaction, primed by single stranded RNA, amplifies the interference caused by a small amount of dsRNA (Lipardi et al., 2001; Sijen et al., 2001). A similar mechanism might exist in vertebrates, which could lead to an amplification of RNAi by small amounts of electroporated dsRNA, thereby resulting in a strong phenotype. Since morpholinos are chemically modified oligonucleotides (Summerton and Weller, 1997), it is highly unlikely that a similar amplification step is involved in the down regulation of gene expression. These different mechanisms may also account for the fact that a rapid increase in resulting phenotypes was obtained with increasing concentrations of Foxa2 dsRNA, whereas only a gradual amplification of observed phenotypes was found with increasing concentrations of Foxa2 morpholino (Tables 1 and 2). Another form of dsRNA, small interfering RNAs (siRNAs) of 21–25 nucleotides, have also recently been successfully used to down regulate the expression of specific genes in different mammalian cells (Elbashir et al., 2001; Brummelkamp et al., 2002). It will be interesting in future experiments to compare the efficiency of siRNAs versus long dsRNA in knocking down gene expression in early postimplantation mouse embryos.
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electroporation of dsRNAs or morpholinos into postimplantation mouse embryos combined with whole-embryo culture should be a useful approach for studying gene functions in vivo. The recent success in introducing DNA into later stage mouse embryos via in utero electroporation will further extend the applicability of RNAi and morpholino technologies for analyzing gene function to later stages of mouse embryonic development (Fukuchi-Shimogori and Grove, 2001; Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001). 4. Materials and methods 4.1. Generation of dsRNA and morpholino



Fig. 3. Electroporation of Foxa2 morpholino leads to the down regulation of Foxa2 expression. Mouse embryos (7.5 d.p.c.) were electroporated with a LacZ expression vector together with either a Foxa2 or a control morpholino. (A) An electroporated embryo, stained for b-galactosidase (blue) and Foxa2 (brown), indicates that Foxa2 morpholino leads to a down regulation of Foxa2 expression in the floor plate (arrowhead). (B) Cross section of the embryo shown in (A) confirming the down regulation of Foxa2 in the floor plate (arrowhead). (C,D) In contrast, the electroporation of a control morpholino has no effect on the expression of Foxa2 in the floor plate (arrowhead). The difference in the number of Foxa2 expressing cells may be due to the slightly different stages of the embryos. Dotted lines in (A) and (C) indicate the plane of section shown in (B) and (D), respectively.



3. Conclusions In summary, our results indicate that dsRNA and morpholino can be successfully used to knock down gene expression in postimplantation mouse embryos. It has been suggested that the use of RNAi in vertebrates might lead to a general blockage of protein synthesis. Low concentrations of dsRNA in viral infections trigger an interferon response (Marcus, 1993) resulting in a general suppression of translation, which then induces specific elimination of the infected cells by apoptosis. However, we demonstrate here that the electroporation of dsRNA into postimplantation mouse embryos leads to a specific down regulation of the expression of the targeted gene. In addition, the use of electroporation to target RNAi or morpholinos into a specific region of a germ layer at a particular stage resulted in precise spatial knock down of gene activity. This approach should also in theory be feasible to inactivate two members of a gene family or of different families simultaneously by electroporating a combination of different gene specific dsRNA or morpholinos. This would give the possibility to address the issue of redundant functions and/or genetic interactions of genes in a tissue and stage specific manner. The generation of double mutant mice is laborious and sometimes not feasible because of heterozygous lethality of the single mutants. Given these different applications,



Chimeric primers containing T7 promoter-specific sequence and Otx2 or Foxa2 sequence were used to amplify an Otx2 (nt 380–879) or a Foxa2 (nt 3–549) fragment, respectively, using PCR. The Ambion T7 mMessage Kit was used to simultaneously generate sense and antisense strands using the PCR-generated fragments as templates. The DNAse treatment and subsequent purification of the dsRNA was done as described in the Manual. The morpholino oligonucleotides were purchased from Gene-Tools, LLC (Corvallis, OR, USA). The Foxa2 sequence was as follows; 5 0 -GCTAAGGTTGTTTTTAGGCGCAAAG-3 0 . The standard control oligo from Gene-Tools, LLC has been used as a control morpholino. 4.2. Microinjection and electroporation of embryos Embryos were obtained from CD1 mice at 7.5 d.p.c. and placed in Tyrode’s solution. A DNA solution containing 0.8 mg/ml of pCCALL-lacZ (Niwa et al., 1991) or 1 mg/ml Table 2 Frequencies of embryos showing reduction of Foxa2 protein in the midline after electroporation of Foxa2 morpholino a



a



Loss of Foxa2 protein in midline tissues is the phenotype scored in Foxa2 morpholino electroporated embryo. Only embryos showing a moderate to strong expression of the co-electroporated LacZ were analyzed. n ¼ Total number of embryos analyzed.
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of the pMES-GFP (Swartz et al., 2001) expression plasmid and either Foxa2 dsRNA, Otx2 dsRNA, Foxa2 morpholino, or control morpholino (for the exact concentration see Tables 1 and 2) was prepared in 2 £ PBS and mixed 1:1 with 0.01% fast green dye (Sigma) and microinjected into the amniotic cavity of a dissected embryo. Immediately after the injection of the DNA solution, the embryo was placed into the electroporation-chamber (distance between the electrodes ¼ 5 mm, TR Tech Company) in Tyrode’s solution and electroporated by using a BTX Electro Square Porator ECM 830 (BTX, San Diego, CA, USA). For the electroporation of the floor plate, embryos were positioned in the electroporation chamber with their node (distal end of the embryo) pointing to the positive pole, and then electroporated with three pulses of 30 ms with 26 V. To electroporate the anterior end of the embryos the presumptive forebrain and midbrain area was positioned parallel to the positive pole of the electroporation chamber. For unilateral electroporation, embryos were tilted slightly to one side. Embryos were then electroporated with three pulses of 30 ms with 29 V. After electroporation, embryos were cultivated for 24–36 h in a roller culture system in Tyrode’s solution supplemented with 50% rat serum and equilibrated with 5% CO2, 5% O2 (described in detail in Osumi-Yamashita et al., 1997) and subsequently fixed in 4% paraformaldehyde for 45 min on ice.



4.3. LacZ staining, in situ hybridization, whole-mount antibody staining and histology After fixation, embryos were washed three times in PBT (PBS 1 0.1% Tween 20), and stained for b-galactosidase as described in Tajbakhsh and Houzelstein (1995). The whole mount in situ hybridization was performed as described previously (Conlon and Herrmann, 1993), using an Otx2 probe (Ang et al., 1994). Whole-mount immunocytochemistry was performed according to published procedure (Davis et al., 1991) using an antiFoxa2 antibody (Filosa et al., 1997) at a dilution of 1:500. After immunocytochemistry embryos were postfixed overnight in 2.5% glutaralaldehyde in PBS, rinsed in PBS, embedded using the JB-4 embedding Kit (Polysciences, Inc) and 5 mm sections taken. For the Otx2 and GFP detection, immunocytochemistry was performed on 10 mm Cryostat section, as described in Muhr et al. (1997). A rabbit polyclonal antibody for Otx2 (Baas et al., 2000) and a polyclonal chicken antibody for GFP (Chemicon, Inc, AB16901) were used at 1:1000 and 1:250 dilutions, respectively. For the detection of these specific antibodies, different fluorescent conjugated secondary antibodies against rabbit IgG (Cy3-conjugated AffiniPure Donkey Anti-Rabbit IgG, Jackson ImmunoReserach, Inc.) and chicken IgG (Alexa Fluor 488 goat antichicken IgG, Molecular Probes) were used at a 1:500 dilution.
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