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Summary
The development of an organism is regulated by the information encoded in DNA. The central dogma is the process which decodes this information through two mechanisms: transcription and translation. These mechanisms are important in the correct transfer of information, which decides cell fate, pattern location and development of an organism. In vitro studies have already shown mechanistic insights of the central dogma, however there is still a big gap in our understanding about how the central dogma effects the development of an organism. These gaps can only be filled by studying the central dogma in real time and in vivo. In this review we describe three new techniques which are used to study mechanisms of the central dogma in vivo. The first technique is the MS2-tagging system, which allows the visualization of transcription in vivo. Visualization of transcription is the first step of understanding gene regulation. Difference in transcription levels between cells is essential for the pattern formation in embryos. The second technique is the SunTag. This system is developed to visualize single proteins in cells, whereas In vivo the SunTag is able to visualize translation. This system revealed that the location of translation is related to the function of the protein. Finally, we discuss the LlamaTag. The LlamaTag is a technique which allows the visualization of proteins with a short lifetime. These proteins are important during development and small changes in their activation leads to dysfunction in the development of an organism. The LlamaTag allows to study the dynamics of these proteins in vivo. These techniques aid to understand the central dogma which dictates the cell fate and animal body plan.




Introduction
The development of an organism from a single cell is complex, with lots of different processes having to occur at once1. The information that drives development is encoded in the DNA of cells, and this information is decoded by the molecular process of the central dogma. The central dogma was explained by Francis Crick in 19582, where he showed that information is transferred from nucleic acid to nucleic acid or from nucleic acid to protein. In vitro studies already shed light on different aspects of the central dogma, such as the structure of DNA 3, RNA4 and Protein5 and the proteins involved in transcription4 and translation6. Through in vitro studies we gained a lot of knowledge, but there remain large gaps in our understanding of the process as a whole and how it works in living organisms. These gaps can only be filled by studying the central dogma in real time and in vivo. New live imaging technologies make it possible to fill these gaps in our knowledge. It is important to understand the processes of the central dogma because these processes are mis-regulated in many developmental diseases and cancers7. In this review we will be examining some of the recently developed technologies that make it possible to visualize all key steps of the central dogma in vivo.

The central dogma has two main steps, transcription and translation1. Transcription is the process in which the information of the DNA is transferred to RNA (Figure 1). The MS2-tagging system makes it possible to follow RNA which is being transcribed. This system uses a technique adapted from the MS2-RNA bacteriophages8. Translation is the process in which the mRNA transfers the information to produce proteins1. The SunTag approach makes it possible to visualize translation in real time by using a scFv antibody which recognizes a peptide sequence 9. The binding of the antibody ensures visualization of translation in vivo10. The product of translation is a protein. There are many different proteins with different functions, structure and lifetimes 11. Proteins with a long lifetime could be visualized by fusing it to GFP, but it is impossible to visualize proteins with a short lifetime using the same approach. The LlamaTag is a GFP binding nanobody, which makes it possible to visualize proteins with a short lifetime. These technologies are important because they can show insights of the central dogma in a unique way.

There are different approaches to study mechanisms of an organism, the most common are In vitro and in vivo. In vitro experiments are taking place outside a living organism 12. So, this could refer to experiments using molecules, proteins or cells. In vivo studies are experiments performed within a living organism13. Previous studies showed the ability of in vitro studies to examine molecule structures, binding kinetics and gene-expression3–6,14. These studies highlighted various processes that happen in organisms as well as the key participants in each process. Nevertheless, our understanding of these processes is still limited. Genes and proteins function in a network15, this makes it hard to reproduce the environment in vitro. Furthermore, transcription and translation are dynamic processes 10,16, and the timing is essential for the development of an organism. Following these processes in vivo is important in studying the impact of the central dogma on an organism's development. The best approach to follow transcription or translation in vivo is to visualize the process. In this review we focus on new developed techniques, which make it possible to visualize these processes. 
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Figure 1: Schematic overview of the central dogma and the techniques involved in each process.

Transcription	
The first important step of transferring information from DNA forward is transcription of genes17. This information is transferred into RNA via transcription. RNA is a duplicate of a subset of DNA which can move out of the nucleus where it serves as template for protein synthesis. Transcription has three phases: initiation, elongation, and termination. During initiation the RNA polymerase binds the promoter sequence. Subsequently, the polymerase starts to duplicate the DNA into RNA (elongation) until the RNA polymerase reaches the terminator sequence. This sequence ensures the release of the polymerase (termination). RNA is further processed by adding the 5’ Cap and the poly-A tail and by splicing the introns. Upon exiting the nucleus, the mRNA serves as guide for protein synthesis. Transcription is the fundamental process of gene expression and regulation. Consequently, Diseases such as cancer are caused by transcriptional failure 18. 

Understanding the RNA transcription mechanism received a lot of scientific attention. These studies shed light on different details of the process, such as proteins involved during transcription 17, the structure of the polymerase 19, DNA-motifs repressing, initiating or stimulating transcription 20and that genes are transcribed at different rates 21. These studies were performed using in vitro techniques, which helps to understand parts of the mechanism. However, to get a better understanding of the mechanism, it is important to visualize transcription in vivo. In recent years scientists have developed a technique which is capable of following transcription in vivo, the MS2-tagging system22. This technique utilizes the MS2-coat protein (MCP) of RNA bacteriophages, which ensures encapsulation of the viral RNA genome 23. A. Bernardi et al. (1972), showed that these MCPs bind to RNA stem-loop structures transcribed from a DNA-sequence (MS2) exclusively found in RNA-bacteriophages 23. The advantage of the MS2-sequence to only being present in bacteriophages made it possible to use the interaction between the MS2-sequence and the MCP in yeast cells 24. Two plasmids containing either the MCP tagged to a fluorophore or the MS2-sequence were expressed in yeast cells, which made it possible to visualize real-time localization of RNA. In this paper, E. Bertrand et al. (1998), described also that the MS2-tagging system could be applicable to visualize transcription in higher eucaryotic cells. 

In order to follow transcription, the organism needs to express the MS2-sequence and the MCP fused to a fluorophore22. The MS2-sequence is inserted into the gene of interest (Figure 2A). So, the RNA stem-loop structures are only formed when the gene is transcribed. The MCP is inserted together with a constantly active enhancer. The enhancer of MCP ensures high concentration of the proteins in all cells, which is necessary to detect transcription of low RNA levels. Once the gene of interest is activated the polymerase starts to transcribe the DNA (Figure 2B). The RNA will form loop structures while the rest of the gene is being transcribed. MCP binds to these loops, which ensures an increase in the local fluorescent signal (Figure 2B). Increased repeats of the MS2-sequence improve the signal, although this results also in a complex RNA molecule. Once an RNA-molecule is completed, it releases from the polymerase together with the bound MCP. This makes the RNA molecule dynamic. The advantage of live cell imaging is that we cannot see the released RNA molecules. So, we are able to follow RNA-molecules which are being transcribed (Figure 2C).  
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The MS2-tagging is not limited to cells, but the tagging system is also compatible in living Drosophila melanogaster (D. melanogaster) embryos 25,26. The formation of patterns and segments in multicellular organisms is the result of dynamical decision made by the cells 25. Previous techniques to detect transcription are not able to directly measure the dynamics of transcription, because they are not able to provide the temporal resolution needed to distinguish spatial heterogeneity from inherent noise26. The MS2-tagging system in D. melanogaster embryos made it possible to visualize transcription over time. Furthermore, this technique allows to quantify the dynamics of transcriptional regulation and relate this to pattern formation 25. J.P. Bothma et al. (2014), used this technique also to visualize transcription dynamics 16. He observed transcriptional bursts in genes which could not be observed before, indicating that transcription is stochastic. The MS2-tagging system is not only used in flies, but also in other organisms 27,28. In C. Elegans the MS2-system aided to analyze bursting as a function of position within the intact animal 29. The study to Notch, revealed that Notch-dependent transcription has also a bursting activation pattern.
D. R. Larson et al. (2011), extended the MS2-tagging system by utilizing the PP7 bacteriophage coat protein (PCP) 30. The PCP work in a similar way as the MS2-tagging system, but PCP has its own binding sequence. These two proteins were combined by T. Fukaya et al. (2017), in D. melanogaster embryo, which made it possible to follow transcription of two genes 31. Another study combined the MS2-sequence with dCAS9 to activate transcription in cells32. dCas9-stimulated transcription is able to achieve upregulation of some endogenous genes. However, the transcriptional upregulation achieved by individual single-guide RNAs ranges from low to ineffective. To improve this system, they implemented the MS2-tagging system to recruit the dCas9 to the DNA. Y. Han et al. (2022), utilized this technique in D. melanogaster flies, which resulted in transgenic flies with red eyes 33.

Hence, In vivo visualization of transcription using the MS2-tagging system revealed previously unknown mechanisms. With the MS2-tagging system it is possible to observe when transcription starts, when transcription stops and the duration of transcription. This ability is utilized in D. melanogaster embryos by T. Lucas et al. (2013) 26. They discovered that Bicoid, a transcription factor (TF), is not needed for initiation and does not stimulate initiation. Rather, Bicoid is needed for maintenance of transcriptional activity once transcription has started. Another discovery is that the rate of mRNA synthesis in each cell cannot quantitatively describe how a boundary forms in D. melanogaster embryos, but rather requires amplification of the dynamic range of the expression boundary 25. Studies in D. melanogaster and other organism with the MS2-tagging system revealed also that transcription is stochastic16,29. Hence, studies using this technique in vivo aids to elucidate the gaps in our knowledge about transcription. Another mechanism of the central dogma is translation1. Translation is also a process of the central dogma which is tightly controlled.
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Figure 2: A schematic overview of the MS2-tagging system. (A) Visualization of the MS2-sequence integrated in the DNA downstream of the enhancer. Once the TF binds to the enhancer, the polymerase starts to transcribe the MS2-sequence. The loop structures in the RNA formed by the MS2-sequence are recognized by MCP (B), which is visible in the microscope as a dot (C). Green is the signal of the MCP bound to MS2.  Red is a marker for histone 2AV. Scale bar is 15 microns 16. 

Translation
Translation is the process in which mRNA is translated according to a genetic code, which relates the DNA sequence to the amino acid sequence in proteins 1. This process starts with the binding of two subunits of the ribosomes to mRNA. The ribosome searches for an initiation sequence by reading three nucleotides simultaneously. Once the ribosome found the initiation sequence, it starts translating the mRNA. The polypeptide is finished as the ribosome reaches a stop codon, and the protein is formed after post-translational modifications. Proteins are the machinery of the cell. Although proteins cannot transfer information to nucleic acids, they can regulate the expression of genes that contain this information. 

The produced mRNA act as guide for protein synthesis34. Cellular protein levels are adjusted by regulating mRNA translation. Studies showed us the proteins involved in translation, the interaction between proteins and more mechanistic details4,5,35. However, there was no data about the visualization of translation10. Visualizing translation with fluorophore fusions is not possible, because fluorophores need to mature. So, there were no techniques to observe the entire translation process from individual mRNAs in vivo.

In 2014, M.E. Tanenbaum et. al., developed a new system, named the SunTag9. The SunTag is a polypeptide sequence which interacts with single chain variable fragment (scFv) antibodies. In normal circumstances, these antibodies are unstable in cells, but a fusion of the scFv with a GB1 protein improved the stability of the antibody. The SunTag was developed to create a bright fluorescent signal in order to visualize single molecule protein in living cells. Two years later, the suntag was used to follow mRNA molecules undergoing translation in living cells 10. This technique can even observe a single ribosome decoding an entire mRNA in living cells, if translational initiation is infrequent. The SunTag made it possible to resolve more mechanistic insights of translation. For example, initiation of translation can shut down temporarily on individual mRNA molecules or that the amount of ribosomes bound to the mRNA has no effect on the initiation rate. These studies were performed using cells, but they imply that the system should also work in embryos. In 2019, Sanne Boersma developed a nanobody (MoonTag) having the same purpose as the SunTag36. Combining these two Tags in one cell makes it possible to follow translation of two different proteins. Furthermore, the combination allows also to evaluate translation of the 3’ UTR, translation start site selection, and the dynamics of uORFs translation. 

In order to visualize translation, the cell must express the SunTag together with its scFv9,10. The SunTag is a polypeptide sequence, which serves as epitope for the scFv antibody. The protein of interest is being synthesized together with repeats of the SunTag. The scFv antibody is fused to a fluorophore and once the SunTag is translated, this scFv binds the produced epitope. The local increase of fluorescence, due to the binding of multiple scFv antibodies, allows the visualization of the protein. The SunTag is mainly fused at the N-terminus of the protein of interest, which makes it possible to follow protein synthesis while it is being translated (Figure 3). 
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Figure 3: Overview of the SunTag approach, which shows the process from DNA to visualization. The gene contains a repeat of sequences encoding the SunTag. This sequence is transcribed into mRNA together with the protein of interest. Once the polymerase starts translation, the scFv binds the SunTag. The local increase of the fluorescence allows the visualization.

The SunTag is not limited to cells but can also be applied in living organisms37. Dufourt et al. (2021), implemented the SunTag in D. melanogaster embryos to visualize translation of the Twist protein, which encodes a TF required for mesoderm cell fate. The correlation between mRNA localization and protein function is well established 38. However, this was not being visualized live in living organisms37. The SunTag method now allows us to understand the relationship between mRNA localization and protein function. This paper did not use only the SunTag but combined the technique with the MS2-tagging system. This combination of techniques revealed several important mechanisms. In the study they propose that local and enhanced translation of the twist proteins close to the nuclear envelope favor fast nuclear import. Another discovery made by the paper is the clusters of mRNAs engaging in translation and that the efficiency of translation varies amongst identical mRNAs. 

Beyond just measuring translation the SunTag has also other applications where the technique can be useful 39. YH Huang et al. (2017) developed a technique which inhibits gene-expression by stimulating methylation. In order to achieve this, they combined the SunTag with dCas9. The dCas9 fused to the SunTag localizes to the gene of interest. The DNA methyltransferase is stimulated to localize to the gene of interest through the interaction between the scFv and the SunTag. N Luviano et al. (2022) used this technique in B. glabrata embryos to demonstrate that CpG methylation levels could be modified in vivo40.

The SunTag is used with different purposes. It was originally created to visualize single molecule protein imaging and revealed stable subset of microtubules with reversed polarity in cells, which could not be observed before 9. Later the SunTag was utilized to examine translation of mRNA, which revealed heterogeneity in the translation of different mRNA derived from the same gene10. This was an “unexpected” result, which could not be examined without the SunTag. This research was followed up, by combining the MoonTag with the SunTag36. This enables the visualization of dual translational readouts to follow different reading frames of one mRNA. Using this combination, revealed that selection of the start site is stochastic and that the probability of using a particular start site differs among mRNA molecules and can be dynamically regulated over time. The heterogeneity in translation efficiency was also observed in vivo37. Furthermore, the mRNA seems to form clusters in the perinuclear cytoplasm, which co-localize with the SunTag-signal revealing the existence of translation factories in D. melanogaster embryos. The product of translation is a protein. Proteins are the machinery of an organism and are involved in all processes during development, which stimulates the study of proteins.

Protein Visualization
Proteins are involved in all steps of the central dogma 41. Previous studies have shown that some proteins are able to bind specific sequences in DNA to regulate gene expression41. This interaction can be stimulated or inhibited by other proteins interacting with these TFs. Current in vivo studies on protein visualization are performed by fusing a fluorophore to the protein of interest11. These studies have shown a lot of new insights in mechanisms of the central dogma. The main drawback, however, of visualizing proteins fused to a fluorophore is the maturation time. Fluorophores are proteins which can excite fluorescence 42. In order to do this, the fluorophore needs time to mature after being synthesized. The fastest fluorophore takes 16 minutes to mature 42. This is a slow process, if we compare it to regulations happening in the cell. TFs, for example, needs to be dynamic to response quick to signals stimulating or repressing gene expression. Hence, a lot of TFs have a shorter lifetime than the maturation time of GFP, which makes it impossible to visualize these proteins. 

This shortcoming in techniques is solved by the development of the LlamaTag 11. The LlamaTag is a technique that overcomes the maturation issue by utilizing a nanobody which binds GFP. The advantage of nanobodies is the stability in cells. So, the nanobody does not need to be fused to a stability protein, which is needed with the SunTag. Another advantage is the size of the LlamaTag. The small size of the nanobody (25 kDa) makes it unlikely that it interferes with the folding of a protein of interest. 

This technique is based on the interaction between the LlamaTag and mature fluorophores11. J.P. Bothma developed nanobodies against mCherry and GFP. These fluorophores are expressed in developing oocyte or the mRNA is deposited by the mother and the fluorophore starts being translated directly after fertilization. The early expression allows the fluorophore to mature before the protein of interest is being translated. The protein of interest is fused to the LlamaTag. Once the protein is translated, it will bind a fluorophore, which ensures increase in fluorescence signal. The localization of TFs to the nucleus also increases the local concentration of the fluorophore, resulting in increase of fluorescence in the nucleus (Figure 4). 

J.P. Bothma et al. (2018) combined the LlamaTag with the MS2-tagging system to look whether the TF concentration is related to transcription11. The LlamaTag was able to visualize stochastic bursts in the concentration of TFs, which was not visualized before. These burst in the concentration of TFs are correlated with the burst in transcription. The combination of the MS2-Tagging system and the LlamaTag showed also that the protein concentration in a nucleus depends on transcription of that gene in neighboring nuclei. 

The LlamaTag allows the visualization of the dynamics of the protein11. This advantage was used to investigate whether the nuclear levels of Twist are responsive to Dorsal levels 43. This revealed that decreasing the Dorsal levels results in a decreased twist concentration in the nucleus, suggesting that the Twist levels are correlated to the underlying Dl levels. Another paper showed that the Byn protein is activated broadly and that the boundaries are gradually refined 44. Chromatin accessibility is correlated with the transcriptional activity45. To study a protein, Odd-paired (opa), involved in this mechanism, IV Soluri et al. (2020) also used the LlamaTag. This study shows that the opa levels are increased gradually over time and that interfering with this timing impacts the proper patterning of expression. Hence, the “dynamic systems for chromatin regulation directly impact the reading of embryonic patterning information”.
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Figure 4: Schematic overview of the LlamaTag strategy, in which the GFP is expressed before the expression of the protein of interest. Once, the protein of interest is produced, the LlamaTag binds mature GFP, which allows the visualization of the protein in vivo.

Discussion and Conclusion
The process driving the development of an organism is the central dogma1. Misregulation in one of the mechanisms causes many diseases, such as cancer1,7, which makes it important to study the central dogma. In vitro studies revealed us already a lot of mechanistic insights of the central dogma. But the knowledge we gain from in vitro studies is limited, due to the shortcoming of techniques. Genes live in a network, in which the timing and the quantity of expression is important for cell fate decisions15. Small differences in this network can influence the development of an organism. Hence, it is important to visualize the central dogma in vivo to gain more knowledge about the development of an organism.

New techniques enable the visualization of transcription and translation regulation10,11,25. In this review, we discussed three techniques that enable in vivo visualization of transcription (MS2-tagging system), translation (SunTag) and proteins (LlamaTag) and thereby shedding light on the different mechanisms of the central dogma.

MS2-tagging system
The MS2-tagging system is based on an old technique, which was used in vitro8. This technique allows the visualization of mRNA during transcription as well as during translation. The MS2-sequence and the PP7-sequence are both exclusively found in their respective virus 8,30. This makes the system sensitive when being utilized in another organism. The MS2-tagging system allows the visualization of transcription of a signaling molecule. This signaling molecule can stimulate transcription of the target gene in the same cell or in neighboring cells. In vivo visualization of transcription makes it possible to detect the effect of a signal molecule transcribed in one cell on the transcription of its target gene in the same cell or neighboring cells.

MCP binds as dimer to the MS2-sequence. So, the amount of fluorescence on one MS2-loop structure is also two, which increases the local fluorescence signal. This allows the visualization of low quantities of RNA. The rate of diffusion of the RNA is important in this technique, single RNA-molecules cannot be followed in vivo. In order to follow single molecules, the signal to noise ratio needs to be high 46. One single RNA molecule, however, could not overpass this threshold in vivo. During transcription and translation, there is an accumulation in RNA on the genome47 or in the translation factories 37. This accumulation ensures a high local fluorescence signal, which overpass the signal to noise ratio. So, new methods need to be developed in order to follow single RNA-molecules in vivo. In vitro, the MS2-tagging system is able to visualize single RNA-molecules. It would be a great advantage if we could follow single RNA-molecules in vivo. Single RNA imaging would not only help to visualize the RNA, but also the splicing process. Integrating the PP7-sequence in the intron and the MS2-sequence in the exon of a genome, would help us to differentiate between RNA and mRNA.

There is a third RNA-tagging technique based on the MS2-tagging system, LambdaN. However, the affinity of the Lambda N technique is much lower (Kd = 22 nM 48) than the affinity of the MS2-system (<1.0 nM 49). Combining the three tagging systems in one organism, would help to uncover the difference in regulation of three genes activated or repressed by the same TF. 

The disadvantage of MS2-tagging system is the palindromic DNA repeats, which might lead to deletions or insertions of the hairpins during replication50. There is a database containing DNA-sequences of many different viruses (51), it would be a useful to search a sequence with high affinity to mRNA and a low palindromic DNA-structure. The number of repeated sequences makes the RNA more complex as well as it can lead to failures during replication 50. 

Furthermore, there are different single strand DNA (ssDNA) binding proteins in viruses 52. Some of these proteins might be uniquely binding DNA-sequences found in the virus. If so, we would be able to visualize the detachment of the two strands before transcription has started. This would help with the visualization of more complex system, including the activity of helicases during transcription53. Utilizing this with the MS2-system will show the time needed to create RNA from the start of initiation. 

Besides following transcription, the MS2-technique can regulate transcription in vivo32. This new technique is not being used to study the central dogma, but in principle we could activate or repress a gene using the MS2-technique. This will allow to visualize processes happening during development, when a gene is overexpressed or being repressed.

SunTag
The SunTag uses a similar approach as the MS2-tagging system but at protein level 9,25. This technique uses a scFv antibody, which binds epitopes fused to the protein of interest. The SunTag is developed to track single proteins in vitro9. The repeats of the SunTag sequence induce the binding of multiple scFv antibodies at one protein, which increases the local fluorescence signal. In vivo, however, this technique would not be able to track single proteins, due to the limitations described above. The SunTag is in vitro also utilized to visualize translation. During translation the mRNA is occupied by multiple ribosomes, which synthesizes protein. This ensures an increase in fluorescence signal on the mRNA-molecule, which allows the visualization of translation (clusters of mRNAs being translated). In vivo, the SunTag is also used to visualize translation, which revealed translation factories37. The scFv-antibody binding the SunTag is not stable in cells. To overcome this problem, the scFv is fused to another protein, which makes it a larger complex9. The MoonTag is stable in cells, which makes it compared to the SunTag smaller36, However, the SunTag has a higher affinity. The development of the MoonTag allows the visualization of two proteins or ORFs at the same time36. Imaging multi-color translation will be an important tool to determine the occurrence, kinetics, and molecular mechanisms of translational heterogeneity. The SunTag has also palindromic sequences, these sequences are being translated into a peptide. Another disadvantage of a palindromic sequence is that it has a negative effect on protein folding 54. This might affect other dynamic processes in the cells. 

The SunTag is not widely used to study translation in vivo. Translation dynamics might change during development, or the dynamics might differ per cell in one organism. The SunTag approach opens a great opportunity to answer these questions. The availability of two Tags, the SunTag and the MoonTag, allows the study of multicolor imaging. However, the size of the SunTag and the affinity of the MoonTag might be a drawback of the system. Improvements in the size of the SunTag would be helpful to limit the interference of the tag. 

There are many diseases related to dysfunction in the translation machinery 55. Without the SunTag we were not able to visualize the translation process in vivo. Now, The SunTag opens the door to examine the effect of these diseases on the translation process and how this is related to the development of an organism. For example, we could easily make mutations in the ribosome and look what effect it has on translation. The main achievement will be to make mutations in parts of the organism and look how this effects translation and how the organism tries to overcome this problem. In vitro studies could only show the effect of the mutation on translation, but in vivo studies will tell us how this effect is related to the development of an organism.

The SunTag-Cas9 complex is also an important progress of the technique40. This complex stimulates DNA-methylation. DNA-methylation is an epigenetic mechanism, regulating the gene expression through recruiting proteins involved in gene repression or by inhibiting the binding of TF to DNA. Binding of proteins to DNA is an important step in the central dogma. Currently, it is not known how methylation at different sites of the enhancer controls downstream mechanisms56. The SunTag-Cas9 complex allows the methylation in the enhancer of the organism. This can fully or partially effect the regulation of the gene. In vivo, this process will show us the effect on pattern formation in organisms as well as changes in the fate of a cell during development.

LlamaTag
The LlamaTag is a technique to visualize proteins with a short lifetime11. Previous approaches made use of proteins fused to a fluorophore, however this was not applicable for proteins with a short lifetime due to the maturation time of fluorescence proteins. The advantage of the LlamaTag is the size of the nanobody. The LlamaTag is relatively small, which minimizes the interference with the activity of the protein of interest. Furthermore, Nanobodies are compared to antibodies very stable in cells9,11. Hence, there is also no need for a stabilizing protein. The LlamaTag overcomes the maturation problem of fluorophores by utilizing already mature fluorescence proteins 11. The fast binding to GFP (~106 M−1s−) and high affinity of the LlamaTag (Kd= 0.49 nM for mcherry57 and kD 0.23 nM for GFP58) ensures that the LlamaTag binds a GFP-molecule directly when it is being translated. This binding together with the localization to the nucleus allows the visualization of fast degrading proteins. Another advantage of the LlamaTag, is that the sequence has no palindromic sequence. A disadvantage is the low off rate (k off= 1.7 × 10-4 s-1) of the LlamaTag58. So, the LlamaTag binds the GFP very fast, but releases the fluorophore very slow. This might be a problem if GFP bleaches. The LlamaTag will not be able to release the bleached GFP, which might prevent visualization of some processes. Developing another nanobody with a higher off rate would help to overcome this disadvantage.

The LlamaTag is an important tool to study proteins 11. There are a lot of pathways which can be visualized with the LlamaTag. A well-studied pathway is the wnt-signaling pathway. B-catenin plays an important role through its localization into the nucleus and binding TCF to regulate transcription. B-catenin, however, has a short lifetime, which is necessary for the fast response to signals. The LlamaTag might make be possible to visualize the nuclear localization of B-catenin in vivo. 

There is an optogenetic technique based on a peptide sequence stimulating nuclear export once induced with UV-light (LEXY-tag)59. This technique allows to regulate the export of nuclear proteins in cells induced with light. Utilizing this technique with the LlamaTag could help the visualization of the protein concentration in the nucleus. Changes in the concentration can affect transcription and signaling processes of the cell itself or neighboring cells 60. In vivo, we have a network of different cells. Hence, it will be possible to observe changes in the process in cells induced with light and in their neighboring cells, which would not be possible in vitro.

The ideal situation will be the visualizing the combination of the three techniques. Studies show already that the MS2-tagging system and the SunTag or LlamaTag can be combined11,37. This helped to study the correlation between the TF and transcription, and mRNA and translation. If we combine the three techniques, it would be possible to follow the whole central dogma in an organism during development. A gene with a negative feedback loop will be interesting to study. There are various fluorophores which can be used61. We could fuse the MCP to EBFP, which will show transcription of the gene once the MS2-sequence is being transcribed. Translation will be shown by the SunTag, which we can fuse to YFP. The protein will be visible with the LlamaTag which binds mCherry. The excitation spectrum of EGFP overlaps with the excitation spectrum of EBFP61. So, to overcome this problem we do not use the LlamaTag binding to EGFP. The combination of the three techniques will show the process in which the protein decreases its own concentration. Changes in transcription, translation and protein concentration will show that transcription is inhibited. Translation is inhibited when there is no change in transcription level, but there is a decrease in transcription and protein levels. Last, changes in only protein concentration will show that protein degradation is stimulated. These experiments will help to understand the central dogma of a gene, which will aid to comprehend diseases caused by dysfunction in the central dogma.

To conclude, cells live in networks and the communication between cells is strictly regulated. The cells in an organism keep communicating with each other via signaling pathways. The timing in which cells signaling happens or in which a cell type forms is important in the patterning of the organism 16. In vivo studies allow the study of the communications between cells or the pattern formation in an organism. In vitro studies have limited techniques and cannot examine pattern formation of an organism or enhanced network regulations between cells. In this review, we described three new techniques making it possible to visualize mechanisms of the central dogma in vivo which we could not visualize before. These three techniques have all their own advantages, but the main advantage is the ability to utilize it in vivo. The MS2-tagging system, SunTag and the LlamaTag have opened a new area in which we can visualize transcription, translation and protein levels during development. These techniques will help to diminish the gap in our knowledge about the central dogma.
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