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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____N_____  

Can you record movies/images using your own microscope camera? (Y/N)_________  

If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope: 

B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)____N____ 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) Steps 2.2, 2.3, 4.5, 4.8
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 4.8
E.  Will the filming need to take place in multiple locations? (Y/N) __N_____ If yes, how far apart are the locations? ___________________________________________________

1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal: (read by voice talent at JoVE)
The overall goal of this procedure is to measure transcription errors that occur in the eukaryotic transcriptome using an optimized next-generation sequencing assay termed the Circular-Sequencing assay. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Clark Fritsch: This method can help answer key questions in the field of transcriptional mutagenesis, such as which RNA polymerase subunits or biological processes determine the fidelity with which genes are expressed.  
1.2. Clark Fritsch: The main advantage of this technique is that it allows for the measurement of endogenous transcription errors at single base-pair resolution throughout the transcriptome in eukaryotic organisms.   

C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Jean-Francois Gout Marc Vermulst: Generally, individuals new to this method will struggle because of the length and complexity of the protocol, and the need for advanced bioinformatics to interpret the data that is generated.

Protocol: (read by voice talent at JoVE)
2. RNA Circularization and Rolling Circle Reverse Transcription 
2.1. To begin the protocol, circularize the RNA fragments by heat-denaturing 20 µL of the previously prepared sample at 65 °C for 1 min [1-MED]. After 1 min place immediately place the sample on ice for 2 min [2-MED]. 
2.1.1. Talent places sample in incubator and sets timer for 1 min 

2.1.2. Timer goes off for 1 min and talent removes sample from incubator and places it on ice 

2.2. Next add 4 µL of 10x T4 RNA ligase buffer…4 µL of 10 mM ATP…1 µL of RNase inhibitor…1 µL of nuclease free water…and 8 µL of 50% polyethylene glycol, or PEG [1-MED]. 

2.2.1. Over the shoulder, talent adds reagents to tube from previous step, one by one, as listed in voiceover 

2.3. Then mix the sample thoroughly by vortexing…then add 2 µL of 10 U/µL of T4 RNA Ligase I [1-MED]. Mix the sample again by pipetting…and incubate it at 25 °C for 2 h in a thermocycler with the lid temperature set at 30 °C [2-MED].

2.3.1. Talent vortexes sample, then adds T4 RNA Ligase I to the tube 

2.3.2. Over the shoulder, talent pipettes the sample up and down, then places it in the incubator. If possible, capture the temperature settings of the thermocycler, and the separate temperature of the lid. 
2.4. After the 2 h incubation, add 10 µL of nuclease free water to the sample and clean the sample with an oligo clean-up and concentration kit [1-MED]. Elute the sample in 20 µL of nuclease free water [2-CU].
2.4.1. Indicate that time has passed, by panning from the clock or showing a timer, if possible. Talent adds water to sample, and removes reagents from concentration kit to prepare clean-up (do not capture concentration kit steps in detail) 

2.4.2. Talent adds water to elute sample
2.5. To reverse transcribe the circular RNA molecules, add 4 µL of 10 mM dNTPs…4 µL of 50 ng/µL random hexamers…and 9 µL of nuclease free water to 9 µL of RNA [1-MED]. Mix thoroughly by pipetting and denature the sample at 65 °C for 1 min [2-MED]. 

2.5.1. Side view, talent adds each of the reagents listed in the voice over one by one 
2.5.2. Side view, talent mixes sample with pipette and places it in heat and sets timer for 1 min

2.6. After denaturing the sample, place it on ice for 2 min [1-MED-TXT]. Add 8 µL of 5x first-strand synthesis buffer…2 µL of 0.1 mM DTT…and 4 µL of 200 U/µL reverse transcriptase to the sample and mix by pipetting [2-MED-TXT].
2.6.1. Side view, talent places sample on ice, TEXT: Store remaining RNA as back-up
2.6.2. Talent adds reagents as listed in voiceover then mixes, TEXT: Use a reverse transcriptase w/strand displacement 

2.7. Incubate the sample at 25 °C for 10 min, with the lid set 5 °C higher than the incubation temperature [1-MED-TXT]. 

2.7.1. Talent places sample in thermocycler and enters settings, TEXT: Set lid 5 °C higher than the incubation temp for all steps
2.8. Then incubate the sample for 20 min at 42 °C with the lid set at 47 °C [1-MED]. [2-MED]. Elute the sample in 42 µL of elution solution [3-CU].

2.8.1. Over the shoulder, talent sets thermocycler temperature and lid temperature. Capture the settings entered on the thermocycler, if possible 

2.8.2. Talent adds nuclease free water to sample, and begins cleaning up sample using reagents and materials from oligo kit  (Editors: The authors struck out this shot, but did not change the VO. I removed the VO because now there are no shots to accompany it)
2.8.3. Talent adds elution solution to membrane 

3. Second Strand cDNA Synthesis and Repair 

3.1. Use a second strand synthesis kit to generate a double-stranded cDNA library [1-MED]. Place the samples on ice…and add 30 µL of nuclease water to a 38 µL sample [2-MED]. 
3.1.1. Talent simulates motion of processing sample with kit 

3.1.2. Talent places sample on ice, then adds nuclease free water to stated amount of sample 

3.2. Next, add 8 µL of 10x second strand buffer…and 4 µL of second strand enzyme…and mix the sample by gentle pipetting before incubating at 16 °C for 2.5 h [1-MED].

3.2.1. Talent adds second strand buffer, then enzyme, then mixes the sample and places the sample in the incubator

3.3. Clean up the samples with the oligo clean-up and concentration kit for 100 µL reactions and elute the samples in 38 µL of nuclease water [1-MED].

3.3.1. Side view, talent adds nuclease free water and places tube in centrifuge 

3.4. [1-CU]. 

3.4.1. Talent finishes adding reagents to sample, then shows that there are white precipitates, and warms the sample by hand. TEXT: See accompanying text protocol for reaction reagents and volumes
3.5. Mix the end-repair reaction by pipetting and incubate it at 20 °C for 30 min [1-MED-TXT]. Follow the 20 °C incubation with a 30 min incubation at 65 °C [2-MED]. 

3.5.1. Talent mixes reaction, then places sample in thermocycler and enters settings, TEXT: Set lid temperature > 5 °C than incubation temperature
3.5.2. Side view, talent returns to thermocycler and adjusts settings. Capture the temperature settings entered, if possible  

4. Adapter Ligation and Size Selection 

4.1. First, dilute the adaptors for next generation sequencing 10-fold in 10 mM Tris-HCl to a final concentration of 1.5 µM [1-MED]. Then, add 2.5 µL of diluted adapter…and 1 µL of ligation enhancer to each sample…and mix them by vortexing [2-MED]. 

4.1.1. Talent adds tris-HCl to adapters 

4.1.2. Talent adds diluted adapters to samples from previous section, then adds ligation enhancer to samples, and vortexes the samples 

4.2. Next, add 15 µL of Blunt/TA Ligase Master Mix, pipette the sample up and down to mix, and incubate it at 20 °C for 15 min [1-MED]. Then, add 3 µL of uracil-specific excision reagent enzyme…and incubate the sample at 37 °C for 15 min [2-MED]. 
4.2.1. Over the shoulder, talent adds ligase master mix, then mixes the ingredients by pipetting up and down, then places it in incubator 

4.2.2. Over the shoulder, talent adds enzyme, then places the sample in the incubator and enters settings 

4.3. After the ligation is complete, add 13.5 µL of nuclease free water to the sample for a total volume of 100 µL and proceed to size selection [1-MED].

4.3.1. Follow sample as talent removes it from incubator and adds nuclease free water, then shows to camera that total volume is 100 µL
4.4. Acclimate magnetic beads to room temperature [1-MED-TXT]. Add 30 µL of acclimated, resuspended magnetic beads to each sample and mix by pipetting [2-CU-TXT]. Transfer the sample to a 1.5 mL tube and incubate it at RT for 5 min [3-MED].

4.4.1. Talent removes beads from cold storage and places them aside. TEXT: Acclimate for 30-40 minutes
4.4.2. Talent adds beads to sample and mixes. TEXT: Volumes for 600-800 bp molecules

4.4.3. Talent transfers sample to fresh tube, sets it aside, and sets timer for 5 min 

Authors: How long does it take to acclimate the beads to room temperature? 

4.5. Place the sample on a magnetic stand for 5 min to separate the beads from the supernatant [1-CU]. Transfer the supernatant to a new 1.5 mL tube and dispose the magnetic beads [2-CU].

4.5.1. Focus on the tube and the contents as talent places the tube on the magnetic stand. 

4.5.2. Follow the supernatant as talent transfers it to a fresh tube. Talent discards beads.

4.6. Add a fresh aliquot of 15 µL of magnetic beads to each sample, mix thoroughly by pipetting, and incubate for 5 min at RT [1-MED]. Place the samples on a magnetic rack and incubate them for 5 min at RT [2-MED] 
4.6.1. Over the shoulder, talent adds beads to sample and mixes, sets them at room temperature, then sets timer for 5 min 

4.6.2. Talent places sample on magnetic rack and sets timer for 5 min 

4.7. Then, carefully remove and dispose of the supernatants, making sure not to disturb the beads [1-CU]. Add 200 µL of 80% freshly prepared ethanol to each of the samples without disturbing the pelleted magnetic beads and incubate for 30 s [2-CU-TXT].
4.7.1. Talent removes supernatant. Capture how much supernatant remains above the beads

4.7.2. Focus on the beads as fresh ethanol is carefully added to them. TEXT: Wash 3X total 

Authors: How do you remove the ethanol? Do you aspirate it?  
4.8. Then, fully remove any trace of ethanol from the samples…and air-dry the beads for 5 min, but be careful not to over-dry the beads [1-CU-TXT]. 

4.8.1. Talent first pipettes off residual ethanol from the bottom of the tubes, then carefully uses the pipette tips to try and drag any remaining ethanol out of the tube. The remaining traces of ethanol then evaporate during the air-dry step. Show the on-screen text when “and air-dry…” is said. TEXT: Pellets are cracked when beads are overdried

4.9. To elute the samples from the beads, remove the tubes from the magnetic stand, add 19 µL of 10 mM Tris-HCl, pipet the mix up and down multiple times to resuspend the beads, and incubate the samples for 5 min at RT [1-MED]. 
4.9.1. Talent removes tubes from stand and adds tris-HCl, then pipettes up and down, then sets the tube aside for 5 min 

4.10. [1-MED]. Place the samples back on the magnetic stand and incubate them for 5 min to separate the beads from the supernatant [2-MED]. 
4.10.1. Talent observes that beads were overdried sets them aside and programs timer for 10 min
4.10.2. Side view, talent places samples back on magnetic stand 

4.11. Carefully remove 15 µL of the supernatant containing the purified, size-selected cDNA libraries from the tubes and transfer it to a fresh 1.5 mL tube [1-CU].

4.11.1. Focus on supernatant as talent carefully removes it from a tube and transfers it to a fresh tube
5. PCR Amplification and Final Bead Purification

5.1. Add 5 µL of universal primer…and 5 µL of a unique index primer to each purified cDNA library and mix them thoroughly by pipetting [1-MED-TXT]. 
5.1.1. Talent holds sample and adds universal primer, then the unique index primer to last cDNA library and mixes by pipetting, TEXT: See accompanying text protocol for materials & cycling conditions

5.2. Carefully check the polymerase master mix for crystals and other precipitates, and warm the master mix by hand…until the precipitates dissolve [1-CU-TXT]. 

5.2.1. Talent shows to camera that there are precipitates, then warms by hand, and then shows that the precipitates have dissolved, TEXT: Precipitates take ≤ 15 min to dissolve
5.3. Add 25 µL of the polymerase master mix to the sample…mix the sample by pipetting…and follow the cycling conditions listed in the accompanying text protocol for the PCR amplification [1-MED]. 

5.3.1. Talent adds master mix to sample, mixes it, then places the sample in the PCR machine and enters settings 

5.4. Clean up the final libraries by adding 45 µL of resuspended magnetic beads directly to the PCR reaction, mix them by pipetting, and incubate them at RT for 5 min [1-CU]. Transfer the sample to a 1.5 mL tube and place it in a magnetic stand for 5 min [2-MED]. 
5.4.1. Focus on PCR tube and movement of reagents as talent adds beads to PCR reaction and pipettes the solution up and down to mix 

5.4.2. Over the shoulder, talent transfers sample to tube and places it on the stand, then sets timer for 5 min 

5.5. Following incubation discard the supernatant and wash it twice with freshly prepared 80% ethanol for 30 s [1-MED]. After the second wash, fully remove the ethanol from the sample, and air-dry the bead pellet for 5 min [2-CU]. Then elute it in 35 µL of 0.1x TE [3-MED-TXT].
5.5.1. Talent discards supernatant and adds ethanol 

5.5.2. Show how carefully talent removes ethanol from the sample and how much ethanol remains as talent sets timer for 5 min and leaves it to air dry 

5.5.3. Talent adds TE to sample. TEXT: TE: Tris-EDTA buffer

5.6. Resuspend the beads by pipetting them and incubate them at RT for 5 min [1-MED]. After the tube has been on the magnetic stand for 5 min, transfer 30 µL of the supernatant to a fresh 1.5 mL tube [2-MED]. Store the libraries at -80 °C [3-MED].

5.6.1. Talent resuspends the beats and incubates them for 5 min at room temperature

5.6.2. Talent removes tube from stand and transfers fraction of supernatant to fresh tube
5.6.3. Talent places libraries (tubes from 5.6.2) in freezer

6. Results: _Quality Control, Bio-Informatic Analysis and Expected Results from the C-seq Assay
6.1. After isolation of the RNA, two distinct rRNA peaks are visible on the electrophoretogram [1-LM].

6.1.1. 57731fig2large.jpg. Show figure 2B only with all text, when the voiceover begins. When “two distinct rRNA peaks” is said add a yellow arrow pointing at the peak labeled 18s and another yellow arrow pointing at the peak labeled 28s. 
6.2. Fragmentation of the RNA will result in 50-70 base pair RNA fragments [1-LM]. 
6.2.1. 57731fig2large.jpg. Show figure 2C only with all text, when the voiceover begins. When “result 50-70 base pair…” is said circle the gray region on the bar on the far right, and circle the area between 50-70 (based on the x-axis) on the chart in yellow. 
6.3. Rolling circle reverse transcription was used to generate cDNA molecules that are comprised of at least 3 tandem repeats of the circular RNA templates [1-LM]. 
6.3.1. 57731fig2large.jpg. Show figure 2D without the three lines (blue, green, and green) without corresponding text. When “three tandem repeats” is said, show the three lines with their text (lower, 571, 1152). 
6.4. Size selection with magnetic beads allows libraries of the appropriate size to be purified [1-LM]. 

6.4.1. 57731fig2large.jpg. Show figure 2E without the text in the graph, but show the text in the x-axis and for the y-axis. When “libraries of the appropriate size…” is said, add the text in the graph (“lower marker,” “cDNA library,” “higher marker”) 
6.5. Sequencing information of a single C-seq library shows that most repeats tend to be 45-80 bases in length [1-LM]. 
6.5.1. 57731fig4large.jpg. Show Figure 4A only as soon as the voiceover begins with all text. When “45-80 bases…” is said, highlight the bars labeled 40-49, 50-59, 60-69, 70-79 (four bars total) in yellow. 

6.6. Approximately 50% of the bases that were sequenced are part of these repeats [1-LM].
6.6.1. 57731fig4large.jpg. Show Figure 4B only with all text. When “50%” is said highlight the row in yellow labeled “bases in repeats” 

6.7. Since most of these bases are present in reads that contain 3 repeats or more, the number of unique bases that are sequenced is about one-third of the total number of bases sequenced [1-LM]. 
6.7.1. 57731fig4large.jpg. Show Figure 4C only with all text. When “number of unique bases” is said highlight the row labeled “Bases in Consensus Sequences” 
7. Conclusion (said by authors on camera)
7.1. Marc Vermulst: Once mastered, this technique can be done in 2 – 3 days (hours/min) if it is performed properly.

7.2. Jean Francois Gout Clark Fritsch: While attempting this procedure, it’s important to remember to always maintain a sterile working environment free of RNases that could interfere with the experiment and to follow each step carefully to ensure that no mistakes are made during the assay.

7.3. Clark Fritsch: After watching this video, you should have a good understanding of how to measure transcription errors in eukaryotes using the C-seq assay (restate overall goal of the procedure mention specific steps).
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.

General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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