

		
TITLE: 
Visualizing Zygotic Genome Activation in Single Cells of Early Embryos

AUTHORS AND AFFILIATIONS: 
Chuan Qin1, Hui Chen1

1Department of Biological Sciences, University of South Carolina, Columbia, SC 29208, US

Email address of the co-author:
Chuan Qin		(chuanq@mailbox.sc.edu)

Corresponding author: 
Hui Chen		(huic@sc.edu)

SUMMARY: 
We describe methods to visualize nascent transcription during zygotic genome activation in single cells during early embryogenesis.

ABSTRACT: 
Early embryogenesis requires the maternal-to-zygotic transition (MZT) that necessitates the zygotic genome activation (ZGA). During ZGA, hundreds to thousands of genes are transcribed, which is essential for various processes in early embryo development, including maintaining embryonic survival, cell fate specification, and germ layer formation. One major challenge in studying ZGA has been to directly visualize ZGA in individual cells of early embryos. Here, we describe a method to directly visualize ZGA in single cells of early embryos by metabolic labeling of nascent transcripts using 5-ethynyl uridine (5-EU), followed by conjugating the nascent EU-RNAs with fluorophores via click chemistry and visualizing them in whole-mount embryos by confocal microscopy, using Xenopus laevis as a model. This method enabled us to track single-cell ZGA in whole-mount embryos and to reveal the heterogeneous onset of ZGA in space and time during early embryogenesis. It can be used in other embryonic systems or tissues to study gene transcription and genome regulation at the single-cell level.

INTRODUCTION: 
During early development, the embryo undergoes the maternal-to-zygotic transition (MZT) that gradually switches the developmental control from the maternal factors to that of the zygotic genes. The MZT requires the activation of the initially dormant zygotic genome, a process termed zygotic genome activation (ZGA); the genes expressed during ZGA are required for early cell fate specification, gastrulation, and axis formation1,2. Importantly, ZGA is conserved in all metazoans, and the timing of ZGA is tightly controlled, although it varies among species3,4. Dysregulation of ZGA can lead to severe consequences, ranging from developmental defects to embryonic death, such as miscarriage. Therefore, studying the mechanisms of ZGA is not only important to understanding the fundamentals of gene regulation but also has significant clinical implications.

A major challenge in studying ZGA has been directly visualizing large-scale ZGA in early embryos and investigating its mechanisms at the single-cell level. We overcame this challenge by developing a method that uses metabolic labeling of nascent transcripts during ZGA with 5-ethynyl uridine (5-EU), followed by conjugation of the nascent EU-RNAs to fluorophores via click chemistry and visualization in whole-mount embryos by confocal microscopy, using Xenopus laevis as a model. The large Xenopus embryo (~1.2 mm in diameter) contains a cell-size gradient, and the large-scale ZGA occurs around the mid-blastula stages (with onset around stage 7 and peak around stage 9), making it an ideal model for studying patterns of ZGA5.  By using 5-EU labeling in early Xenopus embryos, we were able to directly visualize and quantify the large-scale ZGA in individual cells of whole-mount early embryos, which led us to discover a new spatiotemporal pattern of ZGA primarily regulated by cell size5,6. 

Here we describe the details of this approach, adapted from previous work with optimizations5,7, including fixing embryos after metabolic labeling of nascent transcripts with 5-EU, conjugating nascent EU-RNAs with a fluorophore via a click reaction8, and immunostaining for subcellular markers, followed by clearing the embryos for confocal imaging. This method can be applied to other embryonic systems, including zebrafish9,10, or used in sequencing to profile the nascent transcriptome11, supporting its general and wide application in various types of samples and analyses. Overall, this method provides a new important means of studying genome regulatory mechanisms in single cells.

PROTOCOL: 
Animal work described here has been approved by the Institutional Animal Care and Use Committee (IACUC) of the University of South Carolina.

1. Preparation before starting the protocol

NOTE: Before starting the protocol, prepare the following solutions using RNase-free water.

1.1. Prepare 1× Tris-buffered saline (TBS), pH 7.6: 50 mM Tris-HCl and 150 mM NaCl. Adjust pH to 7.6. Store at room temperature. Use the buffer within two months.

1.2. Prepare 1× Tris-Buffered Saline with Tween 20 (TBST), pH 7.6: add Triton X-100 at a final concentration of 0.1% (vol/vol) to 1× TBS (pH 7.6) prepared by RNase-free water. Store at room temperature. Use the buffer within one month.

1.3. Prepare 4% paraformaldehyde (PFA)/1× MEM: mix 1 vial (10 mL) of 16% PFA stock and 4 mL of 10× MEM (1000 mM 3- (N-morpholino)propanesulfonic acid [MOPS] pH 7.4, 20 mM EGTA, and 10 mM MgSO4). Add RNase-free water to 40 mL. Aliquot and store at -20 °C. Use the solution within 6 months.

1.4. Prepare 70%, 50%, and 25% methanol in 0.5× SSC: mix methanol and 0.5× SSC in 3:1, 1:1, and 1:3, respectively. Use the solution within six months.

1.5. Prepare bleaching solution: Mix to reach a final concentration of 2% (vol/vol) H2O2, 5% (vol/vol) formamide, and 0.5× SSC in RNase-free water. Freshly prepare this solution right before use.

1.6. Prepare blocking solution: Add a final concentration of 10% (vol/vol) goat serum and 0.2% (wt/vol) BSA in 1× TBST. Store at -20 °C. Use the solution within 6 months.

1.7. Prepare BABB clearing reagent: Mix 1 part of benzyl alcohol (BA) and 2 parts of benzyl benzoate (BB). Store at room temperature. Use the solution within 6 months.

2. Fixing the 5-EU-microinjected embryos 

2.1. To microinject 5-ethynyl-uridine (5-EU) into 1-cell embryos, follow the procedures described previously11. Let the embryos develop to the desired stages of ZGA, e.g., Stage 9  when ZGA is actively occurring in most cells of the embryo.

2.2. To fix the 5-EU-microinjected embryos, first add about 1.8 mL of 4% PFA/1× MEM into a 2-mL scintillation glass vial. Then use a plastic transfer pipette to transfer ~20 embryos into the glass vial. Minimize the amount of culture medium added to the glass vial. 

2.3. Fill the glass vial to the top with an additional 4% PFA/1× MEM. Close the vial with the cap; no air bubbles should be left behind. 

2.4. Place the glass vial on a rotator and rotate the embryo at a low speed (e.g., 10 rpm) for at least 2 h at room temperature.

2.5.  Use a pipette to carefully remove the fixative. Fill the glass vial with 100% methanol. Place the glass vial on a rotator and rotate the embryos at a low speed for 5 min.

2.6. Carefully remove the methanol and add new methanol. Repeat the rotation and dehydration at least twice so that the embryos are completely dehydrated. 

2.7. Store the embryos in methanol at -20 °C.

NOTE: The protocol can be paused here. Let the embryos stay in methanol for at least 2 days before proceeding with the following steps. Embryos can be used within 2 months.

3. Conjugating nascent RNAs with a fluorophore via click reaction

3.1. To rehydrate the embryos, first remove the methanol from the glass vial, then add 2 mL of 75% methanol in 0.5× SSC, and close the vial with the cap. Place the glass vial on a rotator and rotate the embryos at a low speed for 5 min. 

3.2. Remove the liquid in the glass vial after rotation. Repeat the above step sequentially by using 50% methanol in 0.5× SSC, 25% methanol in 0.5× SSC, and 0.5× SSC. To completely rehydrate the embryos, repeat the final wash with 0.5× SSC at least twice.

3.3. Add 2 mL of freshly prepared bleaching solution (2% H2O2 and 5% formamide in 0.5× SSC) to the glass vial. Put the glass vial on a piece of aluminum foil, and then place it under an LED light at a distance that will not overheat the samples.

3.4. Bleach the embryos under the light until all pigments become white, which typically takes 5–6 h. Note that because of the breakdown of H2O2 into O2, it will generate small air bubbles that can make the embryos float. Check the embryos periodically (e.g., every 30 min) and gently rotate the glass vial to let the embryos settle in the bleaching solution.

3.5. Carefully remove the bleaching buffer. Add 2 mL of 0.5× SSC to quickly rinse the embryos. Repeat the quick rinse once more if necessary.

3.6. Add 2 mL of 1× TBST into the glass vial. Place the glass vial on a rotator and rotate the embryos at a low speed for 1 h. Remove the liquid in the glass vial after rotation.

3.7. Repeat the above step at least 5 times. Note that thorough washing of the embryos is critical for the following steps.

3.8. Add 2 mL of 1× TBS into the glass vial. Place the glass vial on a rotator and rotate the embryos at a low speed for 5 min. Remove the liquid in the glass vial after rotation. 

3.9. Repeat the above step once more.

3.10. Prepare the mix for click reaction in a 1.5 mL microcentrifuge tube by adding the following reagents to reach final concentrations of 100 mM Tris-HCl (pH 8.5), 1 mM CuSO4, 25 μM TAMRA-azide, and 100 mM ascorbic acid. Add ascorbic acid last to the reaction. Pipette up and down to mix well.

3.11. Add 200 µL reaction mix to the embryos in the glass vial. Ensure the reaction mix volume is sufficient to submerge all embryos in the vial. Incubate for 12 h at room temperature in the dark. 

3.12. Carefully remove the click reaction mix. Note that non-specific fluorescence on the embryos can be seen. Quickly rinse the embryos twice with 1× TBST, then wash them with 1× TBST for at least 5 times, changing the solution every 1 h as described above. 

3.13. Continue washing the embryos by changing 1× TBST every 2 h, and leave them overnight at 4 °C on a rotator. Stop washing when non-specific fluorescence is hardly seen. Note that because the residues from the click reaction can be harmful to downstream immunostaining, make sure the embryos are thoroughly washed for 1–2 days before proceeding to the next steps.

4. Immunostaining of embryos with subcellular markers (optional)

4.1. To block the embryos, remove the 1× TBST from the glass vial in the final wash step above, and add 200 µL of the blocking solution (10% goat serum/0.2% BSA/1× TBST). Wrap the glass vial with a piece of aluminum foil to protect the embryos from light. Place the glass vial on a nutator and gently shake the embryos for at least 1 h at room temperature (or overnight at 4 °C).

4.2. Dilute the primary antibody (e.g., anti-H3 antibody) at 1:1,000 in 200 µL of 10% goat serum/1× TBST. Add the diluted antibody into the glass vial and wrap the glass vial with a piece of aluminum foil. Incubate the embryos overnight at 4 °C on a nutator at a low speed.

4.3. Carefully remove the antibody from the glass vial. Quickly rinse the embryos twice by adding 2 mL of 1× TBST into the glass vial and removing it. 

4.4. Add 2 mL of 1× TBST to the glass vial, then wrap it with a piece of aluminum foil. Place the glass vial on a rotator and rotate the embryos at a low speed for 1 h. Remove the liquid in the glass vial after rotation.

4.5. Repeat the above step at least 5 times. 

4.6. Dilute the secondary antibody (e.g., rabbit Alex Fluor 488 antibody) at 1:1,000 in 200 µL of 10% goat serum/1× TBST. If DNA staining is needed, dilute the DNA dye (e.g., TO-PRO-3) together with the secondary antibody. 

4.7. Add the diluted antibody to the glass vial and wrap it with aluminum foil. Incubate the embryos overnight at 4 °C on a nutator at a low speed.

4.8. Carefully remove the antibody from the glass vial. Quickly rinse the embryos twice by adding 2 mL of 1× TBST into the glass vial and removing it. 

4.9. Add 2 mL of 1× TBST to the glass vial, then wrap it with a piece of aluminum foil. Place the glass vial on a rotator and rotate the embryos at a low speed for 1 h. 

4.10. Repeat the above step at least 5 times. 

5. Clearing embryos before confocal imaging

5.1. To dehydrate the embryos, carefully remove the buffer in the glass vial after the final wash, and add 2 mL of 100% methanol. Wrap the glass vial in aluminum foil, place it on a rotator, and let the embryos rotate at a low speed for 5 min. Remove the liquid in the glass vial after rotation.

5.2. Repeat the above step at least 5 times. 

5.3. To completely dehydrate the embryos, repeat the above step at least 5 times using 2 mL of 100% anhydrous methanol.

5.4. Carefully remove as much methanol as possible from the glass vial. 

5.5. Use a glass pipette to slowly add 500 µL of the clearing reagent BABB into the glass vial. The embryos will float in the BABB and wait for 10 min until all embryos settle down to the bottom of the glass vial. Note that the embryos will become nearly invisible, and carefully remove the BABB without damaging the embryos. 

5.6. Repeat the above step at least 2 more times, or until no schlieren lines are visible. To completely clear the embryos, keep them in BABB for 1–2 days before imaging.

5.7. Make imaging chambers by cutting off a small square (e.g., ~5 mm × 5 mm) from the VHB tape with a thickness of ~ 1.1-1.2 mm (similar to the size of the embryo) and a size of ~10 mm × 10 mm, followed by adhering it onto a 24 mm × 40 mm coverglass. 

5.8. Carefully transfer the cleared embryos into the chamber, then cover them with another cover glass. The embryos will be inside the sandwich of coverglasses so that both sides can be imaged.

5.9. Perform imaging under a confocal microscope.

REPRESENTATIVE RESULTS: 
Xenopus laevis embryos at the 1-cell stage were microinjected with 5-EU, and embryos at stage 9 were fixed when large-scale ZGA was occurring throughout the embryo. The embryos were processed following the protocol as described above. Nascent RNAs in embryos were labeled with Tetramethylrhodamine (TAMRA)-azide via click reaction, histone H3 was labeled by using anti-histone H3 antibody, and DNA was labeled with TO-PRO-3. Embryos were imaged under the confocal microscope using the 10× objective. As shown in Figure 1, the nascent EU-RNAs (in red) were detected in the nuclei of the embryonic cells, for which H3 (in green) and DNA (in magenta) were used as nuclear markers, suggesting highly active ZGA occurring in these embryonic cells. Thus, the metabolically labeled EU-RNA provides a sensitive and convenient way for single-cell analysis of ZGA during early embryogenesis.

FIGURE AND TABLE LEGENDS: 
Figure 1: Representative images of visualizing nascent transcripts in Stage 9 Xenopus laevis early embryos. 5-EU microinjected Xenopus embryos at stage 9 were processed following the described protocol. Wholemout embryos were imaged at 10× objective, and Z-stacks collected with an interval of 5 µm. The Z projection of an image stack is shown. Red, nascent EU-RNAs; Green, H3; Magenta, DNA. Scale bar: 100 μm. 

DISCUSSION: 
ZGA represents one of the most critical transitions during the earliest stages of embryo development2,3. Here we have described detailed procedures for preparing samples to directly visualize ZGA in whole-mount early Xenopus embryos, including fixing 5-EU-microinjected embryos, conjugating nascent RNAs with a fluorophore via click reaction, immunostaining of subcellular markers following the click reaction, and clearing embryos for confocal imaging7. Because the amount of incorporated 5-EU is proportional to ongoing transcription, the intensity of the fluorescent signal within each nucleus provides a quantitative readout of ZGA at the single-cell level. Thus, this method enabled us to quantify and monitor the activities of ZGA in individual cells and compare them between cells within an embryo, leading to the discovery of new spatial patterns and mechanisms of ZGA in early embryogenesis5,7.

Several steps are critical to the success of this protocol. The proper fixation of embryos is extremely important, as RNA is easily degradable in cells. To preserve the nascent RNAs in the early embryos, we modified the MEMFA, a fixative that is widely used for in situ hybridization12, by replacing formaldehyde (FA) with paraformaldehyde (PFA) based on the observations of the optimal results. Also, to achieve the best outcome, it is recommended that the fixative is freshly prepared before use, although it can be stored at -20 °C for a few months. Separately, storing the embryos in methanol at -20 °C after complete dehydration can help preserve the RNAs while also permeabilizing the cells, which is important for later staining. 

Since the pigment in embryos blocks the transmission of light during imaging, the embryos need to be bleached before further processing. To this end, the bleaching solution needs to be freshly prepared just before bleaching, and the bleaching time needs to be optimized based on the light type and the distance between the samples and the light – the empirical time for complete bleaching is ~5–6 h. After bleaching, the embryos need to be thoroughly washed by repeatedly using 1× TBST to remove any residual H2O2 and formamide, which are detrimental for downstream steps of the click reaction and immunostaining. Here, the extensive washing with 1× TBST also helps better permeabilize the embryos, critical for later steps.

To achieve the best results in the click reaction for labeling nascent RNAs with fluorophores, the reaction mixture must be freshly prepared immediately before use. Here, we used a recipe for the click reaction originally used in cell culture8, which is very economical and convenient, although more expensive commercial kits are available. Note that the ascorbic acid, a reducing agent to reduce the stable Cu2+ (in CuSO4) to the catalytically active Cu+, should be added last when preparing the click reaction. Further, although the click reaction itself is quick and efficient, due to the large size of the early embryos and the molecular complexity with the early embryonic cells, it is recommended that the incubation time is elongated so that all cells in the early embryos can be sufficiently labeled - we noticed that short incubation resulted in only labeling of the cells at the cortex of the early embryos. When applying the click reaction to new embryonic systems or tissues, the incubation time may need to be optimized; an empirical incubation time of ~12 h or overnight may be a good starting point. After the click reaction, it is extremely critical to thoroughly and rigorously wash the embryos to remove any residual components of the reaction, which is vital not only for successful immunostaining and DNA staining in the subsequent steps but also for reducing the unwanted nonspecific background during imaging. Unfortunately, we did not find a better way than repeatedly washing the embryos for 1–2 days before they become clean and safe enough for downstream staining. 

Complete dehydration of embryos by sequentially using regular methanol and anhydrous methanol is important for ideally clearing the early embryos. We found that incomplete dehydration – often caused by insufficient times of replacement using the regular methanol or by not using the anhydrous methanol – can lead to the formation of halo-like structures within the embryo that have a weak signal during imaging, making the signals being detected artificially unevenly throughout the whole embryo. Moreover, due to the large size of the early embryos rich in yolk, a complete clearing of these embryos can be achieved by increasing the number of times changing the BABB and extending the time for the embryos staying in the BABB. We found the best clearing time to be ~1–2 days in BABB; however, longer staying in the BABB (e.g., more than 2 days) could lead to the fragmentation of the embryos, which should be avoided if the intactness of the embryo is required, such as obtaining a spatial map in whole-mount embryos.

In summary, the successful implementation of this protocol provides an invaluable means to investigate nascent transcription and genome activity at the single-cell level during early embryogenesis, thereby helping reveal novel concepts and principles of early development. Importantly, this protocol is applicable to any other embryonic systems, as well as various normal or diseased tissue types, that may be large or possess complex internal structures. The broader application of this protocol will promise to shed new light on fundamental mechanisms of gene transcription, cell fate specification, tissue formation, and disease progression, helping us better design strategies for diagnosing and treating diseases such as developmental disorders and cancer. 
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