

Supporting Material: In silico CRISPR gRNA design S2 – Lab Activity
In silico gRNA design for diverse CRISPR-Cas9 applications
OVERVIEW
The purpose of this lab is to use in silico tools to design guide RNAs (gRNAs) optimized for several common CRISPR-Cas9 experimental objectives. 
MATERIALS
· Hardware
· Computer - Mac or PC.
· Internet access.
· Software:
· Chrome, Firefox or Safari browser
· SnapGene: https://www.snapgene.com/; Minimum version = free SnapGene Viewer. Install before the lab. 
· NCBI Gene database: https://www.ncbi.nlm.nih.gov/gene. Access in browser.
· CRISPOR tool: http://crispor.tefor.net/; Access in browser.
BACKGROUND
The CRISPR-Cas9 system contains a guide RNA (gRNA) and CRISPR-Associated protein 9 (Cas9) that bind together to form a ribonucleoprotein (RNP) complex (Fig. 1, Step 1). Like GPS coordinates, this complex scans the genome for protospacer adjacent motif sequences (PAM) and the target DNA sequence. When the RNP finds a perfect match, Cas9 executes its nuclease activity to cleave double stranded DNA (Fig. 1, Step 2). When this DNA breaks occur in a cell’s genome, the cell’s endogenous repair machinery repairs the break, along the way introducing mutations or specific gene edits (Fig. 2, Step 3). 
That’s really all there is to CRISPR! The parts that YOU can control are the gRNA sequence and the type of Cas9. In this lab, you will practice making smart choices to select gRNA sequences and Cas9 varieties that will help you achieve your research objectives. 

[image: ]
Figure 1: Schematic of the CRISPR-Cas9 system in action. Step 1: RNP assembly. Cas9 combines with a gRNA to form an activated RNP. The gRNA has a spacer region that confers specificity and a scaffold region that is important for Cas9 binding and activation. Within the spacer is a ~10nt seed sequence where mismatched target binding is not tolerated. Target DNA is double stranded and features a PAM sequence (NGG for Cas9) and 5’ protospacer region that matches the gRNA spacer.  Step 2: DNA targeting and cleavage. The RNP locates target sites by scanning DNA for the Cas9 PAM “NGG.” When a PAM is found, Cas9 opens the target DNA and compares the spacer region of the gRNA to the DNA on the opposite strand as the protospacer. If the spacer sequence and the target DNA sequences match, Cas9 cleaves DNA between the third and 4th nt upstream of the PAM to create a double-stranded break (DSB). Abbreviations Cas9 = CRISPR associated protein 9; gRNA = guide RNA; RNP = ribonucleoprotein complex; PAM = protospacer adjacent motif; N = A/T/C/G nucleotides; nt = nucleotide; DSB = double stranded break. NOTE: Step 1-2 is continued to Step 3 in Figure 2. Image created by Leigh Ann Samsa using ©BioRender – biorender.com. 

Engineered CRISPR-Cas9 system
In an engineered system, you control the Cas9 and gRNA sequence. 
Cas9 
Most prokaryotes and some archaea have a native CRISPR-Cas system that functions as an adaptive immune system to protect the host from plasmid and bacteriophage infection. Eukaryotes do not have a native CRISPR-Cas system. CRISPR-Cas9 is a single-effector system inspired by the biology of the Class 2, Type II CRISPR-Cas system found in Streptococcus pyogenes. Class 2 CRISPR-Cas systems are characterized by their use of single effector nucleases capable of targeting and cleaving DNA; in S. pyogenes this single effector is SpCas9. 
The gRNA and PAM sequence are unique for each species’ Cas9. For example, SpCas9 recognizes NGG PAMs and SaCas9 (from Staphylococcus aureus) is more restrictive and recognizes NNGRRT PAM sequences. These two versions of Cas9 have completely different gRNAs. 
In the engineered system, multiple variants of the native SpCas9 have been created to alter its function. One of the most common variants that you can use in today’s lab is a catalytically dead Cas9 (SpdCas9). This variant has all the same functions as wild-type Cas9 except for nuclease activity. This makes it a useful tool for navigating fused cargo (such as an activator or inhibitor) to a specific genomic location. 
gRNA
All Cas9 gRNAs have two functional regions – a gene-specific ~20 nt spacer and a common ~70-120 nt scaffold. The spacer confers specificity to target DNA; within the scaffold is a 10 nt seed sequence where mismatches between the gRNA and target DNA are not well-tolerated and Cas9 is less likely to cut) (reviewed in Zhang et al. DOI:10.1038/mtna.2015.37). The scaffold is responsible for binding to the Cas9 to create a gRNA:Cas9 RNP to activate Cas9’s PAM-detection activity property and also helps position the spacer sequence. Cas9 amino acid sequence varies between species, so the gRNA sequence (especially the scaffold) required to create a structure that can bind and activate Cas9 is unique to the specific Cas9. 
In an engineered system, you control gRNA specificity to the target site and to Cas9 by selecting spacer and scaffold sequences. 
In the native system, the gRNA is formed by base pairing of two pieces of RNA - a crisprRNA (crRNA) and transactivating crisprRNA (tracrRNA). The crRNA contains the spacer and part of the scaffold; the tracrRNA contains the remainder of the scaffold. A major advance in CRISPR-Cas9 technology was the development of the single gRNA (sgRNA). A sgRNA functions just like a crRNA:tracrRNA gRNA, but the two regions are linked by a 4 nucleotide tetraloop (see Jinek et al. 2012. DOI: 10.1126/science.1225829 or IDT customer education page). 
Depending on your experimental design, you might select a gRNA that is a one-part sgRNA or two-part crRNA:tracrRNA. Regardless, the spacer sequence selection process is the same. 
Target dsDNA
The CRISPR-Cas9 can target almost any double stranded DNA from about any source including plasmid, genomic, viral, synthetic DNA. The target DNA must have the appropriate Cas9 PAM sequence and protospacer specified by the spacer region of the gRNA. In the SpCas9 system, Cas9 has a NGG PAM and the gRNA spacer is 20 nt long. The protospacer region is the part of the DNA that has the same sequence as the gRNA spacer and is the 20 nt 5’ of the NGG PAM. 
Alternatives to CRISPR-Cas9
In the popular press, “CRISPR” and “CRISPR-Cas” have become synonymous with “gene-editing using the engineered CRISPR-Cas9 system”. However, Cas9 is NOT the only Cas protein that functions as a CRISPR single-effector nuclease, and gene-editing is not the only function for CRISPR-Cas9 technology. Should you select a Cas other than Cas9, be cognizant that different Cas proteins have unique gRNA spacer and PAM design constraints. For example, the Francisella novicida Cpf1/Cas12a protein recognizes a TTN PAM on the 5’ end of the matching target sequence and generates a double-stranded break with sticky ends. And, the Type I effector nuclease Cas3 (part of the CASCADE complex) has a 32 bp target sequence, 22 reported PAM sequences (Cas3 PAM), and shreds kilobases of DNA starting at the target site. For more information about engineered Cas systems and their applications, please visit Addgene’s CRISPR guide at this link.

Gene-editing with CRISPR-Cas9
The CRISPR-Cas9 system is not sufficient for gene editing… all it does is drive a gRNA:Cas9 RNP complex to the target site and make a double stranded break in the DNA. After a break has been made in a cell’s genome, the cell’s endogenous DNA repair mechanisms are activated. These can be harnessed for gene-editing experiments to cut, paste, and change DNA. DNA repair can be achieved through error-prone, non-homologous end joining (NHEJ). This can introduce indels (insertions, deletions, and substitutions) at the target site. Depending on the genomic context of the target site, an indel might have no effect on the cell’s phenotype. Or, it might cause a frameshift mutation in the coding sequence of a gene, leading to functional loss of that protein. 

If a repair template is present, DSBs can also be repaired using a much less efficient and less error-prone process called homology directed repair (HDR). This mechanism uses existing DNA that has close homology to the broken DNA as a template to repair the damage. Normally, this template is the other chromosome; but we can provide an exogenous synthetic DNA template containing specific DNA changes to be used in the repair process. In this approach, NHEJ and HDR can be active in cells simultaneously. An active area of research aims to find ways to promote one process over the other. 
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Figure 2: Schematic overview of CRISPR/Cas9 gene editing through NHEJ/HDR. Step 3 (steps are continued from Figure 1): (Left) CRISPR-Cas9 creates a DSB at the target site in the genome. This activates endogenous machinery that repairs break by NHEJ or HDR. (Middle) Summary of NHEJ outcomes. This error-prone repair mechanism can restore the original nucleotide sequence, or create insertions, deletions, or substitutions. (Right) Summary of HDR process. HDR processes identify regions of homology between the DSB strands and template DNA. The repair template is engineered to include the desired gene edit(s) and silent mutation of the PAM. The new sequences are repaired into the broken DNA, resulting in precise edits. Abbreviations: DSB = double stranded break; NHEJ = non-homologous end joining; HDR = homology-directed repair; PAM = protospacer adjacent motif.  Image created by Leigh Ann Samsa using ©BioRender – biorender.com. 


In silico gRNA design
There are many permutations of the CRISPR-Cas system, but they all have one thing in common: YOU control targeting through the gRNA spacer region. 
The process of designing a gRNA is remarkably straightforward - just enter the target range into one of the dozens of free, online gRNA design “apps” or “tools”. (Why so many? Read this blog post). In this lab, we will use CRISPOR. CRISPOR will identify all the potential spacer sequences in your target range then use algorithms to compare each target sequence to the entire genome in order to score its predicted activity. The app generates a report of the sequence, location, and activity scores for all the potential target sequences, then you select spacer sequences that will work best for your CRISPR experiment. It’s that easy!
CRISPOR app is hosted at http://crispor.tefor.net/ and was first described in Haeussler et al. Genome Biology 2016 https://doi.org/10.1186/s13059-016-1012-2. Let’s dig a little deeper into how this app and its underlying algorithms work: 
(1) You input the DNA target range, organism, and Cas protein you want to use in your experiment
(2) From that information, CRISPOR infers the Cas-specific spacer sequence length, and Cas-specific PAM sequence, and accesses the whole genome sequence of your organism. 
(3) Then, it finds all the potential target sites by comparing 20 nt sequences upstream of NGG PAMs to  the rest of the genome. It calculates and reports several metrics to help you decide which protospacer will be best for your experiment.
· On-target specificity:  Measure the uniqueness of a guide compared to the genome
· Efficiency: Likelihood of cleavage at the target location
· Outcome: Prediction of the DNA sequence after strand repair 
· Off-target specificity: The number of off-target sites for spacer sequences that differ (mismatch) by up to 4 bases
(4) You evaluate these scores and decide which target site is best for your experimental design. 

Interested in learning how CRISPOR makes these calculations? Visit the CRISPOR manual at http://crispor.tefor.net/manual/. 


PROTOCOL
In this lab, you will design gRNAs to use in a typical CRISPR-Cas experiment for biomedical research. 

(1) Select the scenario below that interests you the most,

(2) complete the gRNA design protocol, and then

(3) write your experiment summary report.

If you finish early, you are welcome to repeat with a second scenario to get more practice designing gRNAs. You only need to write about one scenario for your lab report. 

(1) Select the scenario that interests you the most

Option 1: Delete GBA to model Gaucher disease
Approach: One of the simplest applications of CRISPR is to use a gRNA to guide a Cas effector nuclease to an early part of the coding region of a gene. There, it will create a double-stranded break that can be erroneously repaired from non-homologous end joining (NHEJ) to create a frameshift mutation. The gene is then correctly transcribed but incorrectly translated into a truncated, non-functional protein. This is called “knocking out” a gene. 

Scenario: “Gaucher disease is an autosomal recessive inherited disorder of metabolism where a type of fat (lipid) called glucocerebroside cannot be adequately degraded. Normally, the body makes an enzyme called glucocerebrosidase that breaks down and recycles glucocerebroside - a normal part of the cell membrane. People who have Gaucher disease do not make enough glucocerebrosidase. This causes the specific lipid to build up in the liver, spleen, bone marrow and nervous system interfering with normal functioning.” Glucocerebrosidase is encoded by the gene GBA. You can read more about the disease here (link). 

Experimental design: This disease has a complex, whole organism phenotype but you are particularly interested in how it impacts the brain. You hypothesize that lack of glucocerebrosidase is detrimental to the brain because it interferes with neurotransmitter vesicle cycling. Before you try to convince a funding agency that you need to make a complicated, expensive, new genetically-engineered mouse model of Gaucher’s disease, you want to collect evidence to support your hypothesis using CRISPR/Cas9 to knockout the gene in cultured neurons.  

You know that glucocerebrosidase is encoded by (Gba) in mice. You have a great protocol for transfecting sgRNA:Cas9 ribonucleoprotein complexes into cultured mouse neurons. Your plan is to knockout Gba in the stem cells, differentiate them into neurons, and then measure neurotransmitter vesicle cycling. Design a gRNA to use with SpCas9 to knockout Gba in a mouse cell line.   

· Gene name	_________<notes here>______________
· Species	_________<notes here>______________
· Cas		_________<notes here>______________
Option 2: Repress PKD1 to model autosomal dominant polycystic kidney disease
Approach: Another simple application of CRISPR is to use a gRNA to guide a catalytically dead version of Cas9 - dCas9 - to the promoter of a gene. There, it will occupy the promoter to prevent transcription by steric inhibition. Transcription is blocked, effectively preventing gene expression, but without creating permanent genetic changes to the genome.  

Scenario: “Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common forms of polycystic kidney disease. Polycystic kidney disease (PKD) is a genetic disorder characterized by the growth of numerous cysts in both kidneys. The cysts are filled with fluid. The progressive expansion of PKD cysts slowly replaces much of the normal mass of the kidneys, and can reduce kidney function and lead to kidney failure. PKD can also cause cysts in the liver and problems in other organs, such as the heart and blood vessels in the brain.”  Source: About Autosomal Dominant Polycystic Kidney Disease. While most ADPKD cases are caused by loss of function mutations in PKD1 gene, overexpression of the PKD1 can also cause the disease. 

Experimental design: You happen to be a nephrologist and have a lab that can grow human kidney organoids from patient samples. Organoids are 3D tissue constructs that are grown from stem cells and function a lot like mini-organs. 

You have a kidney organoid line made from a patient who has ADPKD. Your previous work has shown that this patient has high levels of PKD1 and you want to find out if reducing PKD1 expression will reduce and/or revert the ADPKD cyst formation. Your plan is to use CRISPR/dCas9 to repress PKD1 without altering the genome.  Design a gRNA to use with the catalytically dead Cas9 SpdCas9 to repress PKD1 expression in human kidney organoids.   

· Gene name	_________<notes here>______________
· Species	_________<notes here>______________
· Cas		_________<notes here>______________



Option 3: Change a single base to make a model of progeria  
Approach: A slightly more complex application of CRISPR to use a gRNA to guide a Cas9 to a target site and provide a piece of donor DNA for homology directed repair (HDR). The donor DNA is almost identical to the genomic sequence surrounding the target site with two exceptions (1) a silent mutation is introduced into the PAM so that the encoded amino acid coded is the same but the DNA it is not cleaved and (2) the donor DNA contains the DNA change you want to make in the genome. NOTE: it is not always possible to generate a silent mutation in the PAM sequence. Though HDR is not as efficient as NHEJ, with this approach you can make precise edits to the genome. Notably, this approach is not restricted to small changes - modifications of this approach can be used to knock in thousands of bases. 

[bookmark: _GoBack]Scenario: Progeria is an extremely rare genetic disease of childhood characterized by dramatic, premature aging. As newborns, children with progeria usually appear normal. However, within a year, their growth rate slows, and they soon are much shorter and weigh much less than others their age. While possessing normal intelligence, affected children develop a distinctive appearance characterized by baldness, aged-looking skin, a pinched nose, and a small face and jaw relative to head size. They also often suffer from symptoms typically seen in much older people. Death occurs on average at age 13, usually from heart attack or stroke. Read more about the disease here: (Source: NIH Genetic and Rare Dieseae Information Center) 

Experimental design: Hutchinson-Gilford progeria is caused by a tiny, point mutation in a single gene, known as lamin A (LMNA). This single-base substitution, G608G(GGC > GGT) within exon 11 is responsible for this autosomal dominant disease by activating a cryptic splice site, resulting in production of a protein product that deletes 50 amino acids near the carboxy terminus (Source: Eriksson et al. DOI: 10.1038/nature01629). 

You want to show that this single base substitution is sufficient to cause cellular indications of the disease. To do this, you have a human fibroblast cell line with the “wild type” GGC genotype in exon 11. You want to use HDR to replace the C with a T, and then compare the phenotype of the two genotypes on otherwise identical genetic backgrounds. Design a gRNA to use in combination with the SpCas9 of the G608 in exon 11 of human LMNA.

· Gene name	_________<notes here>______________
· Species	_________<notes here>______________
· Cas		_________<notes here>______________

Bonus: Design the 100-200bp donor template to use with your selected target site. Correct design = +5 pts extra credit on your Experiment Summary Report. 



(2) Select a DNA target site and gRNA spacer sequence
1. Locate the gene accession number 
1.1. Access the NCBI website (http://www.ncbi.nlm.nih.gov) and select “gene” from the drop-down menu that currently displays “All databases”
1.2. Type the genome and gene name into the search bar
1.3. Click on the gene name. This will take you to a webpage laying out known information about the gene. Halfway down the page is a viewer looking at the gene. We are going to use SnapGene to recreate and annotate parts of this viewer. 
1.4. In the “Genomic Context” heading, find the accession number and location range for the gene, copy it to your clipboard (Ctrl+C), and paste it below as part of today’s lab entry. Ex: NC_000023.6 (29202914..29205966) 
Accession number: <paste here>

2. Make a new SnapGene file containing the genomic sequence of the gene
2.1. Open SnapGene
2.2. File -> Import -> NCBI sequence
2.3. Paste (Ctrl+V) the NC_XXXXXX gene accession number you copied in step 1 
2.4. Click Import
2.5. Save the file:  <”LastName”_”FirstName”_”gene”>

3. Explore the gene sequence and choose which exon you want to target. Consider the following questions:  HINT… the answers to these questions should be included in your lab report
3.1. Is there a specific region that your experiment should target? Where is it? 
<record notes here>
3.2. Should you try to make a frameshift in the N-terminus or the C-terminus of the gene? 
<record notes here>
3.3. If the gene has multiple isoforms, is there an exon shared by all the splice isoforms of the gene?
<record notes here>

4. Enter the target range into CRISPOR
4.1. In SnapGene’s sequence view, copy the sequence of the exon you have chosen to target and paste it below as part of today’s lab entry. 
<paste here>
4.2. Open CRISPOR in your browser window http://crispor.tefor.net/
4.3. Paste your target range into the Step 1 box
4.4. Select the appropriate genome in the Step 2 drop down menu… there may be more than one genome assembly to select from. Take note of which one you select and include a justification for your selection in your lab report
<genome:>
4.5. Select the appropriate Cas PAM from the Step 3 drop down menu
4.6. Click “Submit”

5. Analyze the CRISPOR readout. 
5.1. Target range
5.1.1. How long is your sequence? <___________bp> 
5.1.2. How many possible guides are in your sequence? <___________guides> 
5.1.3. What does the sequence view represent? <record notes here>
5.1.4. Are there any regions of your sequence that are particularly rich or poor in possible guide sites?  <record notes here> 
5.2. Predicted guide sequences table
5.2.1. What is gRNA specificity? What is the range of MIT Specificity Scores? What does a high score mean?  <record notes here>
5.2.2. What is gRNA efficiency? What is the range of Doench’16 Efficiency Scores? What does a high score mean? <record notes here>
5.2.3. What is a gRNA outcome prediction? What is the range of outcomes (labeled as “Out-of-Frame”)? What does a high score mean?   <record notes here>
5.2.4. What are off-target 0-1-2-3-4 mismatches? How are the mismatches shown in black different from the mismatches shown in gray?  <record notes here>

6. Select a target site. NOTE: in a real experiment, you would select several sites to try and run pilot experiments to choose the most effective site.  
6.1. Make a new spreadsheet and copy/paste the table
6.2. Sort the CRISPOR results table by specificity. What are the top 4 matches? Each guide is identified by its position (base number at the start of the PAM)
6.3. Sort the CRISPOR results table by efficiency. What are the top 4 matches?
6.4. Sort the CRISPOR results table by outcome. What are the top 4 matches?
6.5. Sort the CRISPOR results table by off-target effects. What are the top 4 matches?
6.6. Compare your results and select the “best” guide. Justify your selection.  
<record notes here>
Selected target sequence (DNA)		_____________________________ 
Selected spacer sequence (RNA)		_____________________________ 

7. Anticipate off-target effects
7.1. Located your selected guide in CRISPOR
7.2. Click on each of the potential off-target effects
7.3. For each of the 1, 2, and 3 mismatch targets, record the genomic location of the anticipated off-target cut. (If your guide only has 4-mismatch targets, do this for one of them). Go to the NCBI genome browser for your organism, enter the genome location, and describe its location. Is it in an intergenic region, promoter, intron, an exon etc…?
 <record notes here>

8. Annotate the gRNAs on your SnapGene file
8.1. Click “Download for SnapGene” in the sequence box. 
8.2. Open the downloaded file in SnapGene and transfer the annotated features to your gene file. The file contains your target range with all the possible spacer sequences as annotated features. Each feature is already marked on the correct strand and includes information about the specificity and index scores. It does NOT label the PAM sequence
8.2.1. SnapGene instructions
8.2.1.1. In your saved gene file (from step 2) click Feature -> Import feature -> Import feature from a SnapGene File then select the open file from the dropdown menu. 
8.2.1.2. SnapGene - Click OK then “Add Features”
8.2.1.3. BOOM! Now your gene is annotated with all the possible guide sequences
8.2.2. SnapGene Viewer instructions
8.2.2.1. In the SnapGene Viewer application click File -> Open Files -> navigate to the downloaded CRISPOR output file (this will open in a new window).
8.2.3. Annotate the “best” target sequence that you selected at the end of Step 6. 
8.2.4. Locate and double click on the feature containing your selected sequence. 
8.2.5. Change its color to fuschia and label it “Selected”… this will make it easier for you (and your Instructor/TA) to find. 
8.2.6. Locate the PAM sequence associated with your selected guide. Add it as a new feature labeled “PAM” (Highlight the bases then Feature -> Add Feature).  
8.3. Save your file and upload to your Google Drive folder. Include a link to the file in your lab report. 



(3) Write your Experiment Summary Lab Report 
See instructions provided in the grading rubric, writing guide, and outline below. 
EXPERIMENT SUMMARY LAB REPORT
A template for your experiment summary lab report has been distributed to your class folder. Please write your report on that document. The template is copied below for your convenience. 

1. Introduction
1.1. Description of the selected gene and why it is important
1.2. Description of the experimental design
1.3. Overview of the gRNA design methodology
2. Results and Discussion (either combined or separate, whichever works better for you)
2.1. Figure - either 1 figure with 3 panels or 3 separate figures: 
2.1.1. Schematic of the gene structure. Need some inspiration for this? Check out the first part of Figure 1 from these papers Example 1, Example 2, Example 3: 
2.1.2. Sequence-level view of the annotated target region
2.1.3. Table: specificity, efficiency, targeting, and off-target prediction table that you used to select a single gRNA
2.2. Textual description of the data (Ex: The selected gRNA target site is in Exon 4 (Fig 1A)).
2.3. Discussion - justify each design decision you made
3. Methods
3.1. In 2-6 sentences, how would a knowledgeable scientist repeat your gRNA design process? They might make slightly different choices about which spacer region to select but give them enough information that they can repeat your process. 
3.2. Even if this is already written in the results section, your methods section should include: software, gene accession number, transcript ID (if your gene had multiple transcripts) genome build, etc… 
4. References
5. Supporting material
5.1. Annotated SnapGene file of your selected gene
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