Functional insulator scanning of CpG islands to identify regulatory regions of promoters using CRISPR
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i. Summary/Abstract
The ability to mutate a promoter in situ is potentially a very useful approach for gaining insights into endogenous gene regulation mechanisms. The advent of CRISPR/Cas systems has provided simple, efficient and targeted genetic manipulation in eukaryotes, which can be applied to studying genome structure and function. 
The basic CRISPR toolkit comprises an endonuclease, Cas9, and a short DNA-targeting sequence, made up of a single guide RNA (sgRNA). The catalytic domains of Cas9 are rendered active upon dimerisation of Cas9 with sgRNA, resulting in targeted double stranded DNA breaks. Amongst other applications, this method of DNA cleavage can be coupled to endogenous homology-directed repair (HDR) mechanisms for the generation of site-specific editing or knock-in mutations, at both promoter regulatory and gene coding sequences. 
A well-characterised regulatory feature of promoter regions is the high abundance of CpGs. These CpG islands tend to be unmethylated, ensuring a euchromatic environment that promotes gene transcription. Here, we demonstrate CRISPR-mediated editing of two CpG islands located within the promoter region of the MDR1 gene (Multi Drug Resistance 1). Cas9 is used to generate double stranded breaks across multiple target sites, which are then repaired while inserting the beta globin (ß-globin) insulator, 5'HS5. Thus, we are screening through promoter regulatory sequences with a chromatin barrier element to identify functional regions via “insulator scanning”. Transcriptional and functional assessment of MDR1 expression provides evidence of genome engineering. Overall, this method allows the scanning of CpG islands to identify their promoter functions.
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2. Introduction

CRISPR/Cas systems (Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR Associated genes) are RNA-guided genome editing tools. Originally identified as adaptive immune responses in bacteria and archaea, CRISPR/Cas systems have since been adapted for genome engineering within a wide range of model organisms [1, 2, 3]. CRISPR-mediated genome editing most commonly utilises a highly versatile and programmable endonuclease, Cas9, which gains specificity through dimerisation with a single guide RNA (sgRNA) (see Fig. 1). Two nuclease domains within Cas9 are responsible for generating double-strand breaks within a targeted DNA sequence. Specifically, the HNH nuclease domain cleaves the complementary strand [4], whilst the Ruv-C like nuclease domain cleaves the non-complementary strand [5]. Cas9 cleavage sites are determined by a short conserved sequence known as the Protospacer Adjacent Motif (PAM), which has the consensus sequence ‘NGG’. PAM sites allow CRISPR systems to differentiate between foreign DNA (containing PAM) and the host loci coding for the protospacer target region; Cas9 fails to cleave target sequences lacking the PAM site [6]. Therefore, while the PAM site is a necessary marker of any cleavable genomic target site, it is not included in the sgRNA sequence. sgRNA is itself a chimeric sequence comprising a 20-25 nt sequence (spacer) that forms base pairs with the target genomic sequence, a 42 nt hairpin scaffolding structure that facilitates Cas9 binding, and a 40 nt transcriptional terminator derived from S. pyogenes. 
Fig. 1 Schematic representation of functional insulator scanning performed on CpG islands within the MDR1 promoter region. (A) Graphical representation of the MDR1 promoter region with designed CRISPR-targeted sites 1 to 9 indicated by arrows. The CAAT box (-116:-113 nt), transcription start site (elbow arrow, +1 and +4 nt) and ATG translation start site (star: *, +704:+707 nt) are highlighted. The CpG islands span across -60:+141 nt and +310:+649 nt of the MDR1 promoter region. The pre-mRNA resulting from MDR1 transcription is represented below, with Exon 1 coded by +1:+134 nt and Exon 2 coded from +698 nt. (B) Upon formation of the DNA/sgRNA/Cas9 complex, Cas9 generates a double stranded break 3 nt upstream of the PAM site. Cells are provided with a repair template comprised of the β-globin 5’HS5 insulator, flanked by homology arms corresponding to the sequences that surround the PAM site. Thus, following HDR, β-globin 5’HS5 insulator sequences are integrated in the genome while the PAM site is removed. The effects of insulator scanning can be assessed either at a transcriptional level by RT-PCR or at a functional level by a doxorubicin survival assay. (C) A schematic showing the major steps and timeline for transcriptional validation of CRISPR-mediated genome editing by RT-PCR without doxorubicin drug treatment. (D) A schematic showing the major steps and timeline for a functional doxorubicin survival assay following CRISPR-mediated genome editing.
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Cas9 cleavage efficiencies have been enhanced by modifications to the sgRNA scaffold. Amongst others, these include the disruption of four consecutive U’s within the hairpin structure that modifies a putative RNA polymerase III termination sequence. This is purported to inhibit early termination of U6 polymerase III mediated transcription. In addition, the 42 nt hairpin can be extended by five base pairs to improve complex formation with Cas9 [7]. The resulting flipped and extended (FE) sgRNA improves the efficiency of Cas9 on-target cleavages.
Since its discovery in 2012, continual optimisation of the genome editing toolkit has meant that CRISPR/Cas systems are now suitable for an extended range of applications. For example, CRISPR/Cas systems can be used to integrate ectopic synthetic DNA at a targeted site within the genome. Indeed, after CRISPR-targeted genome cleavage, cells provided with a synthetic repair template will integrate this DNA by homology-directed repair (HDR) into the cleavage site (see Fig. 1) [8]. CRISPR/Cas systems have also been adapted to modulate promoter activity and gene expression. Specifically, fusion of transcriptional activators or repressors to a nuclease-dead (ND) Cas9 is now a common method used to modulate the chromatin state of specific targeted promoter regions [9]. 
Some promoter regions are highly enriched in cytosine (C) and guanine (G) residues, which form clusters of CpG repeats, called CpG islands [10]. Indeed, 60-70% of all annotated promoter regions contain CpG islands [10]. These islands are mostly unmethylated, and thus ensure a euchromatin status of promoter regions, leading to efficient gene transcription. In the context of CRISPR/Cas-targeted cleavages, the abundance of guanine residues in CpG islands correlates with a high frequency of PAM sites. This provides an ideal setting to target multiple, consecutive sites within these promoter regions (see Fig. 1). In theory, this should allow us to determine which CpG island is contributing to transcription. Indeed, by coupling CRISPR-cleavages with the insertion of a chromatin insulator element, it should be possible to interfere with the CpG-dependant regulation of promoter chromatin state and thus the level of gene expression. The transcriptional changes that result from such "insulator scanning" of promoter regions can be easily assessed by reverse transcription PCR (RT-PCR). 
In the example that follows, the promoter region of Multi Drug Resistance protein 1 (MDR1) is selected as a model promoter containing CpG islands. MDR1 is a member of the ATP-binding cassette transporter proteins that are responsible for energy-dependent xenobiotic efflux (including molecules such as doxorubicin). Thus, MDR1 is implicated in multi-drug resistance as it decreases intracellular accumulation of toxic drugs such as doxorubicin [11]. Here, we aim to perform insulator scanning across two CpG islands within the MDR1 promoter region [12] by inserting the β-globin 5’HS5 insulator element. We posit that our insulator scanning protocol will affect the promoter function of CpG islands, decreasing MDR1 expression, and rendering cells more susceptible to doxorubicin toxicity. Cell viability is assessed in a microplate reader by measuring the reducing rate of PrestoBlue, a resazurin blue reagent, which is reduced in living cells into resarufin, a red fluorophore.
In conclusion, we describe a protocol for using the CRISPR/Cas9 system to generate double stranded breaks across the MDR1 promoter region, in order to integrate insulator elements. Transcriptional and functional assays (see Fig. 2) are then used to determine the effect of insulator scanning on promoter activities, allowing the user to map out CpG island functionality.

 Fig. 2 Assessment of CRISPR-Cas genome editing on MDR1 transcript and function. (A) RT-PCR to estimate mdr1 expression levels. HT-1080 cells were transfected with Cas9 plasmid, FE-sgRNA plasmid and insulator repair template DNA so as to integrate the β-globin 5’HS5 insulator at selected loci across the MDR1 promoter region. Two days later, total RNAs were extracted and processed by RT-PCR. A representative example of gel electrophoresis with the amplified cDNAs is shown here. Image enhanced using non-linear transformation to aid visualisation. (B) Variations in metabolic activities following insulator scanning and doxorubicin treatment. HT-1080 cells were transfected with Cas9 plasmid, FE-sgRNA plasmid and insulator repair template fragment DNA in order to integrate the β-globin 5’HS5 insulator sequences across 9 loci of the MDR1 promoter region. Two days later, cells were treated with either 0 nM or 100 nM of doxorubicin for 72h. Plotted here are the variations of metabolic activities that have been normalised to the variations observed for the mock treated cells. The mock treated cells correspond to cells transfected with Cas9 plasmid DNA only. n=21 samples per treatment (biological replicates) and the error bars are 1 s.d. The smaller the bar, the more the CpG locus activity is disrupted by insulator integration. Significant disruptions, as assessed by t-test values inferior to 0.01, are indicated by two stars (**). Disrupting some positions (e.g. 1, 2, 3 and 6) consistently increases cell sensitivity to doxorubicin (up to 40%), while targeting other positions (e.g. 4, 5 and 7-9) appears to have no deleterious effect on cell survival with doxorubicin (N.S). Thus, position 1 and 2, surrounding the CAAT box, as well as positions 3 and 6, in the 5’ regions of CpG islands, are likely more important in regulating mdr1 expression levels.
[image: ]

3.  Materials

2.1. CRISPR genome engineering system and insulator repair templates
1. Human codon optimized Cas9 coding plasmid as a bacterial ‘stab’ in agar (Addgene, plasmid 41815).
2. FE-sgRNA-cloning plasmid (kind gift from Prof. B. McStay) [13]. 
3. pSF-CAG-Ub-Puro plasmid containing the β-globin 5’HS5 insulator sequences (Oxford genetics, OG600).
4. Primers encoding FE-sgRNA spacer sequences (see Table 1) and primers to amplify targeted insulator repair templates (see Table 2).
5. Phusion® hot start flex DNA polymerase kit, Q5® hot start high-fidelity 2X master mix and Gibson Assembly® master mix (NEB). 
6. MAX Efficiency® DH10β™ competent cells (Invitrogen™ by life technologies™, 18297-010). 
7. LB and LB agar. 
8. Ampicillin and Kanamycin antibiotics.
9. NucleoSpin® Plasmid miniprep and NucleoBond® Xtra midiprep kits (Macherey-Nagel).
10. BamHI, EcoRI, XbaI and AflII restriction enzymes and dedicated buffers (NEB).
11. NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel).
12. Pure sterile water (e.g. MilliQ). 
13. TE (10:1), pH7.15: 10 mM Tris-HCl pH7.5, 0.1 mM EDTA pH8.


	
	cleavage
	spacer-PAM sequences
	Forward & Reverse FE-sgRNA primers

	
	 site
	 
	 

	1
	-232
	CGCGCATCAGCTGAATCATT–GGG
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGCGCATCAGCTGAATCATT

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC AATGATTCAGCTGATGCGCGC

	2
	-102
	AGCATTCAGTCAATCCGGGC–CGG
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAGCATTCAGTCAATCCGGGC

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC GCCCGGATTGACTGAATGCTC

	3
	46
	GACCTAAAGGAAACGAACAG–CGG 
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGACCTAAAGGAAACGAACAG

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC CTGTTCGTTTCCTTTAGGTCC

	4
	72
	AGAAGATACTCCGACTTTAG–TGG 
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCTGTTCGTTTCCTTTAGGTC

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC GACCTAAAGGAAACGAACAGC

	5
	276
	AGTCTAGATCTAACCCCACT–TGG 
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCAGTCTAGATCTAACCCCACT

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC AGTGGGGTTAGATCTAGACTC

	6
	433
	GAAGCATCGTCCGCGGCGAC–TGG 
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGAAGCATCGTCCGCGGCGAC

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC GTCGCCGCGGACGATGCTTCC

	7
	555
	CCAGCTGCTCTGGCCGCGAT–GGG 
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCAGCTGCTCTGGCCGCGAT

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC ATCGCGGCCAGAGCAGCTGGC

	8
	656
	TAGCCAAATGCATGAGCCTC–AGG
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAGCCAAATGCATGAGCCTC

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC GAGGCTCATGCATTTGGCTAC

	9
	727
	GGTTTCTCTTCAGGTCGGAA–TGG
	F TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGGTTTCTCTTCAGGTCGGAA

	 
	 
	 
	R CTGTTTCCAGCATAGCTCTTAAAC TTCCGACCTGAAGAGAAACCC



Table 1 Forward and Reverse primer pairs to clone FE-sgRNA for each targeted Cas9-cleavage site (1-9). Positions of cleavage sites as well as spacer and PAM sequences are also indicated. Targeting sites within CpG islands are highlighted in grey


	
	Forward & Reverse targeted insulator repair primers

	
	 

	1
	F atgtgaactttgaaagacgtgtctacataagttgaaatgtCATCTTGGACCATTAGCTCC

	 
	R agaaagggcaagtagagaaacgcgcatcagctgaatcattGAGAGGTAGCTGAAGCTGC

	2
	F tcgcagtttctcgaggaatcagcattcaGTCAATccgggcCATCTTGGACCATTAGCTCC

	 
	R TTCCTGCCCagccaatcagcctcaccacagatgactgctcGAGAGGTAGCTGAAGCTGC

	3
	F cAttcgagtagcggctcttccaagctcaaagaagcagaggCATCTTGGACCATTAGCTCC

	 
	R tactccgactttagtggaaagacctaaaggaaacgaacagGAGAGGTAGCTGAAGCTGC

	4
	F caaagaagcagaggccgctgttcgtttcctttaggtctttCATCTTGGACCATTAGCTCC

	 
	R ccaagacgtgaaattttggaagaagatactccgactttagGAGAGGTAGCTGAAGCTGC

	5
	F ggcgtggatagtgtgaagtcctctggcaagtccatggggaCATCTTGGACCATTAGCTCC

	 
	R cgctgctccaggagctcctgagtctagatctaaccccactGAGAGGTAGCTGAAGCTGC

	6
	F ccgcgggcggtgggtgggaggaagcatcgtccgcggcgacCATCTTGGACCATTAGCTCC

	 
	R aaccgggagggagaatcgcactggcggcgggcaaagtccaGAGAGGTAGCTGAAGCTGC

	7
	F agatgctggagaccccgcgcacaggaaagcccCTGCAGtgCATCTTGGACCATTAGCTCC

	 
	R gagcgcccgccgttgatgccccagctgctctggccgcgatGAGAGGTAGCTGAAGCTGC

	8
	F cttcgacgggggactagaggttagtctcacctccagcgcgCATCTTGGACCATTAGCTCC

	 
	R gaagagaaaccgcagctcattagccaaatgcatgagcctcGAGAGGTAGCTGAAGCTGC

	9
	F gcatttggctaatgagctgcggtttctcttcaggtcggaACATCTTGGACCATTAGCTCC

	 
	R ATCTTGAAGGGGACCGCAATGGAGGAGCAAAGAAGAAGAAGAGAGGTAGCTGAAGCTGC

	
	

	-globin 5'HS5 insulator CATCTTGGACCATTAGCTCCACAGGTATCTTCTTCCCTCTAGTGGTCATAACAGCAGCTTCAGCTACCTCTC



Table 2 Forward and Reverse primer pairs to PCR-amplify the insulator repair templates. β-globin 5’HS5 insulator sequences are also indicated below the table. Targeting sites within CpG islands are highlighted in grey.



 


2.2. Cell culture
Store frozen aliquots of mammalian cells in a liquid nitrogen tank; DMEM stock and culture medium at 4°C; Trypsin-EDTA solution at -20°C (or 4°C while in use); doxorubicin hydrochloride solutions in the dark at -20°C.
1. HT-1080, human fibrosarcoma-derived cell line (LGC, ATCC-CCL-121).
2. Culture medium: 500 ml DMEM medium (Gibco® by life technologies™, 41965-039), 10% (v/v) heat inactivated FBS (Labtech.com, FCS-SA). 
3. Dulbecco’s Phosphate Buffered Saline (PBS) solution (Sigma, D8537-500ml).
4. 0.25% (v/v) Trypsin-EDTA solution (Gibco® by life technologies™, 25200-056).
5. Scepter™ 2.0 cell counter (Merck Millipore, PHCC20040) and Sensor Scepter™ 2.0 40 µm particle size range 3 µm to 18 µm (Merck Millipore, PHCC40050).
[bookmark: _GoBack]6. Doxorubicin hydrochloride (Sigma, D1515-10MG) resuspended in sterile DMSO (Sigma, D2438).

2.3. Transfection by calcium phosphate precipitation 
Prepare all solutions using pure sterile water (e.g. MilliQ). Adjust the pH of all solutions carefully. Filter-sterilize TE (10:1) solution; autoclave calcium and phosphate buffers. TE (10:1) solution is stored at 4°C; calcium and phosphate buffers are stored at -20°C.
1. TE (10:1), pH7.15: 10 mM Tris-HCl pH7.5, 1 mM EDTA pH8.
2. Calcium buffer, pH7.2: 2.5 M CaCl2 (MW 110.98), 10 mM HEPES (MW 238.3).
3. Phosphate buffer, pH7.05: 275 mM NaCl (MW 58.44), 10 mM KCl (MW 74.55), 1.4 mM Na2HPO4 (MW 141.96), 11 mM dextrose (MW 180.16), 35 mM HEPES (MW 283.3).

2.4. RNA extraction and RT-PCR
1. Ribonucleoside Vanadyl Complexes (Sigma, R3380).
2. NucleoSpin® RNA extraction kit (MN, 740955.50).
3. ProtoScript® II First Strand cDNA Synthesis Kit (NEB, E6560).
4. Primers to PCR-amplify cDNA of interest.
5. Phusion® hot start flex DNA polymerase kit (NEB).
6. Tris-Borate-EDTA (TBE) 10X buffer and Agarose (Sigma) for DNA gel electrophoresis.

2.5. Tecan measurement of metabolic activities
1. Infinite® M200Pro microplate reader and Gas Control Module (Tecan).
2. PrestoBlue® Reagent (Invitrogen™ by life technologies™, A13262).


4. 
5. Methods

3.1. Human codon optimized Cas9 plasmid.
1. Obtain plasmid from Addgene (No. 41815).
2. Use a sterile loop to scrape the bacterial ‘stab’ provided and streak it onto a LB agar plate containing 100 μg/ml ampicillin. Incubate the plate overnight (O/N) at 37°C.
3. Pick a single colony from the plate to inoculate a 10 ml pre-culture in LB medium containing 100 μg/ml ampicillin. Grow the bacterial clone for 6h at 37°C with a 250 r.p.m. orbital shaking (see Note 1). 
4. Inoculate 300 ml of LB containing 100 μg/ml ampicillin with the pre-culture. Grow the culture O/N at 37°C with a 250 r.p.m. orbital shaking.
5. Use a NucleoBond® Xtra midiprep kit to purify between 1 to 3 μg of Cas9 plasmid DNA from the bacterial culture. The resulting Cas9 plasmid DNA is ready to be used in transfection by calcium phosphate precipitation.
6. Verify Cas9 plasmid integrity by BamHI/EcoRI restriction digestion, which should generate a 7.7 kb and a 1.8 kb fragment. 

3.2. FE-sgRNA plasmid
1. Kindly request and obtain the FE-sgRNA-cloning plasmid from Prof. Brian McStay (NUIG, Ireland) (see Note 2). FE-sgRNA-cloning plasmid DNA can be purified using the NucleoBond® Xtra midiprep kit from bacteria grown in 300 ml LB containing 50 μg/ml kanamycin. Its integrity can be verified by a BamHI/XbaI restriction digest generating 3.4 kb, 0.35 kb, 0.1 kb and 0.07 kb fragments. 
2. Using an online CRISPR sgRNA design software (http://crispr.mit.edu/), identify all 22 bp genomic sites of 5’-N19-NGG-3’, which are suitable target sites for FE-sgRNA/DNA hybridization and Cas9 nuclease activity. Favour targeting sites with high score and low off-target binding sites (see Note 3). 
3. Incorporate the first 19 nt and their reverse complement into the FE-sgRNA forward (TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACC-GN19) and reverse (CTGTTTCCAGCATAGCTCTTAAAC-N19C) primers respectively (see Table 1 and Note 4). Order lyophilized primers from a gene synthesis company such as Sigma. Resuspend FE-sgRNA forward and revers primers at 1 μg/μl in TE (10:0.1).
4. In a thermocycler, anneal and fill-in the forward and reverse primers together (0.02 μg/μlof each primer, 0.2 mM dNTPs, 0.02U/μl Phusion® hot start flex DNA polymerase and 1X Phusion buffer), with the following single cycle: 30 s at 98°C, 30 s at 50°C, 10 min at 72°C and hold at 4°C.
5. Digest the FE-sgRNA-cloning plasmid with AflII restriction enzyme and purify it on a column using the NucleoSpin® Gel and PCR Clean-up kit.
6. Insert the double-stranded DNA fragment of FE-sgRNA spacer sequences (prepared in step 4) into the AflII-digested FE-sgRNA-cloning plasmid (prepared in step 5) by Gibson Assembly (GA) using a Gibson Assembly® master mix. Typical GA reactions should contain a 1:15 ng ratio of FE-sgRNA spacer sequences to AflII-digested FE-sgRNA-cloning plasmid. Following a 15 min incubation at 50°C, reactions are diluted 3-fold with pure sterile water (see Note 5). 
7. Transform 1/15 of the diluted GA reactions into DH10β before plating the bacteria onto LB agar plate(s) containing 50 μg/ml kanamycin. Incubate plates O/N at 37°C.
8. Pick 4-10 single colonies from the plates to inoculate 4 ml cultures in LB containing 50 μg/ml kanamycin. Grow bacterial clones O/N at 37°C with a 250 rpm orbital shaking. 
9. Use NucleoSpin® Plasmid miniprep kit to purify plasmid DNA from 2 ml of the miniprep cultures. Store the remaining bacterial culture at 4°C.
10. Verify the FE-sgRNA plasmids by BamHI/XbaI digestions, which should generate 3.4 kb, 0.39 kb, 0.1 kb and 0.07 kb fragments (see Note 6).
11. Further verify that the correct spacer sequences have been inserted into the FE-sgRNA cloning plasmid by sending an aliquot of the resulting FE-sgRNA plasmid DNA for sequencing (e.g. to a DNA sequencing service such as GATC Biotech). 
12. Inoculate 300 ml of LB containing 50 μg/ml kanamycin with 1 ml of the selected miniprep culture that contain the correct sequence-verified FE-sgRNA plasmid. Grow the resulting culture O/N at 37°C with a 250 r.p.m orbital shaking.
13. Use a NucleoBond® Xtra midiprep kit to purify between 1 to 3 μg of FE-sgRNA plasmid DNA from bacterial culture. The resulting FE-sgRNA plasmid DNA is ready to be used in transfection by calcium phosphate precipitation.

3.3. Targeted insulator repair templates
1. Design primers to amplify the β-globin 5’HS5 insulator sequences with homology arms to direct their genomic insertion by HDR to the CRISPR-targeted cleavage site (see Table 2 and Note 7). To this end, forward primers should include the 40 nt sequences upstream of the CRISPR cleavage site together with 20 nt corresponding to the 5’ end of the insulator sequences. Reverse primers should include the 40 nt sequences downstream of the CRISPR cleavage site together with 20 nt corresponding to the 3’ end of the insulator sequences. Order both forward and reverse primers from a gene synthesis company, such as Sigma.
2. PCR-amplify insulator repair templates using Q5® hot start high-fidelity 2X master mix. Typical reactions contain 1 ng/μl of pSF-CAG-Ub-Puro plasmid DNA template, 0.5 µM of Forward primer, 0.5 µM of Reverse primer and 1X Q5® hot start high-fidelity master mix. Reactions are incubated in a thermocycler following this program: 3 min 98°C, [30 s 98°C, 30 s 65°C, 1 min 72°C] x 25 cycles, 5 min 75°C and hold at 4°C (see Note 8).
3. Purify the PCR fragments using NucleoSpin® Gel and PCR Clean-up kit. The resulting insulator targeted repair template DNA fragments are ready to be used in transfection by calcium phosphate precipitation.

3.4. Cell culture
Work under a tissue culture hood in sterile conditions.
1. Defrost HT-1080 cells by resuspending the frozen aliquot in 5 ml culture medium. Spin down the defrosted cells at 350 x g for 5 min and resuspend the cell pellet in 2 ml culture medium. Add this 2 ml-cell-suspension to a T75 flask containing 10 ml culture medium.
2. Leave cells to adhere and grow in a 37°C, 5% CO2 incubator for typically 2-3 days until 80-100% cell confluency is reached.
3. Wash cells with 5 ml PBS solution.
4. Detach cells from the T75 flask surface by a 3-5 min 37°C incubation with 5 ml of 0.25 % (v/v) Trypsin-EDTA solution.
5. Once cells are fully detached, inhibit Trypsin activity by addition of 5 ml culture medium. Pipet up and down several times to obtain a homogenised single cell suspension.
6. Seed culture stock with 1/10 of the cells in a T75 flask containing 12 ml culture medium. Put the stock culture back into the 37°C, 5% CO2 incubator for 2-3 days until cells are confluent and need ‘splitting’ again.
7. Count the remaining cells using the Scepter™ 2.0 cell counter and sensors. 
8. Plate 0.2 to 2 x105 cells/well in 12 well plates (see Note 9). Put the plates into the 37°C, 5% CO2 incubator for 24h before proceeding with the transfections by calcium phosphate precipitations.

3.5. Transfection by calcium phosphate precipitation
Transfections are carried out 24h after splitting the cells, when cells are in exponential phase at 25 to 50% confluency (see Note 10). Quantities indicated here are suitable to transfect 1 well of a 12 well plate seeded with HT-1080 cells. Always include a mock transfection control where cells are only transfected with Cas9 plasmid DNA.
1. Thaw calcium and phosphate buffers at 37°C to defrost.
2. Prepare TE (10:1) solutions containing a 1:1:3 ratio of Cas9 plasmid and insulator repair template DNA to FE-sgRNA plasmid DNA. Typically, prepare 31.5 μl TE (10:1) containing 115 ng Cas9 plasmid DNA, 115 ng Insulator PCR fragment and 340 ng FE-sgRNA plasmid DNA (see Note 2). Vortex.
3. Add 3.5 μl of calcium buffer. Pipet up and down several times until solutions are well homogenized.
4. Prepare 1.5 ml eppendorf tubes containing 35 μl of phosphate buffer.
5. Gently add the TE/DNA/calcium solution mix dropwise from the top of the tube onto the phosphate buffer, with regular flicking of the tubes.
6. Incubate samples for 10 min in the hood and occasionally flick the tubes to mix. 
7. Add the TE/DNA/calcium/phosphate solution mix dropwise to the plated cells, covering as much surface as possible (see Note 11). 
8. Incubate the transfection plate for 5-7h in a 37°C, 5% CO2 incubator.
9. Remove the media and perform 2-3 washes with 1 ml PBS solution, before adding fresh culture media to the cells.
10. Incubate transfected cells back in the 37°C, 5% CO2 incubator for 2 days.

3.6. RNA extraction and RT-PCR
1. Design RT-PCR primer pairs to specifically amplify MDR1 cDNA (see Note 12). Order them from a gene synthesis company, like Sigma. 
2. Transfect Cas9 plasmid, insulator targeted repair templates and FE-sgRNA plasmid DNA using the calcium phosphate precipitation protocol described above in section 3.5.
3. Harvest cells by trypsinization with 1 ml of 0.25% (v/v) Trypsin-EDTA solution as described in step 4 and 5 of the cell culture section 3.4.
4. Wash cells with pre-chilled PBS solution containing 20 mM Ribonucleoside Vanadyl Complexes to prevent excessive RNA degradation.
5. Extract total RNA from transfected cells using the NucleoSpin® RNA extraction kit.
6. Use 1 μg of total RNAs to produce cDNAs using an oligodT primer, with the ProtoScript® II First Strand cDNA Synthesis Kit. Include control reactions for DNA contamination by replacing the reverse transcriptase with sterile water.
7. PCR-amplify, with Phusion® hot start flex DNA Polymerase, 1 μl cDNA per 50 μl PCR reactions (see Note 13).
8. Run resulting samples using 0.8% (w/v) Agarose/TBE gel electrophoresis to compare MDR1 mRNA levels following the insertion of β-globin 5’HS5 insulator sequences, at different positions across the MDR1 promoter region (see Fig. 2A). 

3.7. Drug treatment
1. Transfect Cas9 plasmid, insulator repair template and FE-sgRNA plasmid DNA using the Calcium Phosphate precipitation described above in section 3.5.
2. Two days post-transfection, change the culture medium for medium containing either 1% (v/v) DMSO (i.e. 0 nM doxorubicin) or 100 mM doxorubicin (see Note 14).
3. Incubate cells with drug in a 37°C, 5% CO2 incubator for 3 days.

3.8. Tecan measurement of metabolic activities
1. Following the drug treatment described above in section 3.7, add PrestoBlue® Reagent to the cells in a 1:10 ratio to the culture medium.
2. Incubate cells at 37°C, in a 5% CO2 incubator, for 30 min.
3. Measure the resorufin levels produced by viable cells using the Tecan microplate reader. For typical measurements, the 12 well plates are placed in the reader set at 37°C with 5% CO2. Perform measurement for 2 h with the following cycle every 10 min: 20 s orbital shaking of 1.5 mm amplitude, 5 s incubation time, measurement of resorufin fluorescence at 590 nm following an excitation at 560 nm with 25 flashes, a gain set at 60 and 4x4 square multiple reads per well from the top. Set a control well as reference for the z-position of measurements (see Note 15). 
4. Export resorufin fluorescence measurements to an Excel file to get graphs of resorufin levels plotted against time. Add trendlines to the curves to reveal their equations. Report all the slope measurement obtained from the graphs into a table. These measurements correspond to the metabolic activities of the viable cells and are proportional to the number of viable cells in each well under each condition. Values for multiple biological repeats of each condition should be obtained and the average of these values should be calculated and normalised to the values obtained for cells treated with 0 nM doxorubicin. Plot these average values against the dose of drug treatment to compare cell survival under the different conditions. To visualise variations across the scanned promoter, obtain the slope of the metabolic activities plotted against drug doses and normalise it to the mock transfection. Plot these normalised values of metabolic activity variations against CRISPR-targeted site (see Fig. 2B).

6. 
7. Notes

1. A glycerol stock of the pre-culture containing 80% bacterial culture and 20% glycerol should be made and stored at -80°C to provide an archive. The glycerol stock can then be used directly to start a fresh bacterial pre-culture and to prepare more Cas9 plasmid DNA if needed.
2. sgRNA-cloning plasmid lacking the FE modifications can be obtained from Addgene (plasmid 41824). This plasmid can then be mutated into the FE-sgRNA-cloning plasmid by site directed mutagenesis according to the mutations described in (Chen et al 2013)(7). The FE-sgRNA interaction with Cas9 is stabilised, thus improving the efficiency of Cas9 targeted nuclease activity. If sgRNAs lacking FE modifications are to be used instead of FE-sgRNA, the sgRNA:Cas9 ratio used to transfect mammalian cells needs to be calibrated for optimal Cas9 activity.
3. Identify multiple Cas9 cleavage sites at regular intervals across the region of interest containing CpG islands. This will enable the functional assessment of this region in promoter activity by insulator scanning. Cleavage sites can be on either DNA strand. It is essential that the FE-sgRNAs resulting from this design minimise the off target activity of the CRISPR/Cas system. On line sgRNA design tools, such as http://crispr.mit.edu/, indicate potential off target cleavage sites with the position of mismatches between off and on targets. Choose FE-sgRNA spacer regions with a quality score over 70, off targets (if any) in non-coding regions of the genome and mismatches to off targets within the 9 bp adjacent to the PAM sites. Indeed, mismatches adjacent to the PAM site tend to prevent Cas9 cleavages, ensuring specificity. PCR-amplified genomic DNA of the region of interest can be sequenced to ensure the presence of FE-sgRNA spacer hybridisation sites within the genome of the specific cell line used.
4. To clone sgRNA spacer sequences into the sgRNA-cloning plasmid (Addgene, plasmid 41824), use the FE-forward primer to incorporate the first 19 nt, while using the sgRNA-specific reverse primer (GACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC-N19C) to incorporate the 19 nt reverse complement. 
5. Diluting GA reactions with sterile water prior to their transformation into DH10β™ competent cells increases transformation efficiency by decreasing toxicity.
6. FE-sgRNA and sgRNA plasmids contain, respectively, 40 and 60 bp more than their parental cloning plasmids. Thus, when comparing BamHI/XbaI restriction digests of the original cloning plasmids to their resulting GA plasmids, a shift in fragment size should be detected. BamHI/XbaI digestion of FE-sgRNA-cloning plasmid generates: 3.4kb + 0.35kb + 0.1kb + 0.07kb fragments; while FE-sgRNA plasmid digestion generates: 3.4kb + 0.39kb + 0.1kb + 0.07kb fragments. Similarly, BamHI/XbaI digestion of sgRNA-cloning plasmid generates: 3.4kb + 0.32kb + 0.1kb + 0.07kb fragments; while sgRNA plasmid digestion generates: 3.4kb + 0.38kb + 0.1kb + 0.07kb fragments.
7. Suitably designed repair templates should ensure that the spacer hybridisation and PAM sites are destroyed following genome integration to avoid further CRISPR-targeted cleavages. Homology arms of as little as 40 nt have been successfully used to easily generate repair templates for CRISPR-targeted genome integration [14], although arms of 1 kbp are more typical.
8. Optimal annealing temperatures for the PCR program should first be established by testing the PCR-amplification efficiency with a temperature gradient at the annealing step. Here, we found that 65°C was the optimal annealing temperature for our primer pairs.
9. Primary tests are required to establish the optimal number of cells to be seeded in order to reach 25 to 50% confluence after 24h. Variable factors to take into account are cell size, culture surfaces and experiment time following transfections. We recommend seeding 2x104 cells/well in 12 well plates for optimal transfection of HT-1080 cells and their subsequent culture over 3 to 5 days without exceeding 100% cell confluence. Using plates with larger surfaces, such as 12 well plates compared to 48 well plates, facilitates homogenous adherence of cells across the well. We also recommend gently shaking the plates with a cross motion when putting them into the incubator, in order to avoid concentration of cells to the well periphery under a centrifuge force.
10. Transfection by calcium phosphate precipitation is a relatively cheap, non-toxic protocol to efficiently transfect established adherent cell lines. However, transfection efficiency may differ according to cell lines. While the HT-1080 cell line is easy to transfect, cell lines that have more primary cell-like phenotype, such as the hTERT-RPE1 cell line, are notably more difficult to transfect. The method described here is optimal to transfect HT-1080 cells plated in 12 well dishes. Parameters like transfected DNA ratios and quantity of reagent used should be optimised for other cell lines and other culture dishes. These parameters can be optimised by transfecting a plasmid encoding for a fluorescent protein and monitoring the percentage of transfected fluorescent cells under a fluorescent microscope. The chosen fluorescent protein can either be an easy-to-express protein, like GFP, or one that requires more complex folding, like a fluorescently-tagged Cas9 protein. Conditions established to transfect a fluorescently-tagged Cas9 protein will be more closely related to the experiments described in this insulator scanning protocol. Furthermore, the pHs of various solutions required for the calcium phosphate precipitation are essential for transfection efficiency. Other transfection protocols, like electroporation or lipid-based transfection, should be tested if the chosen cell line is unsuccessfully transfected by calcium phosphate precipitation. 
11. Under a light microscope, make sure that a fine 'black-dotted' precipitate is visible in the culture medium. It is a good indication of successful transfection. Following the 5-7 h incubation in a 37°C, 5% CO2 incubator, this fine black-dotted precipitate should be at the bottom of the well and mostly at the cell periphery. Washes with a PBS solution are required to remove precipitates that did not enter the cells, thus removing a large potential source of cellular toxicity.
12. Multiple RT-PCR primer pairs should be designed to provide different combinations and to maximise the chance of successful RT-PCR. These primers can either hybridise to introns present in the pre-mRNA only, or to exonic regions present in the pre-mRNA, as well as mature mRNA. RT-PCR-amplification of regions close to the transcription start in the 5’ UTR gene region will reflect more closely variations in gene transcription level. Here, we selected the following primer pair: RT-F, GAG CAG AAG TTT GTT GGC TGA and RT-R, AGG CAC ACC AAG ACT AAG GG.
13. Samples are normalised by using the same concentration of RNA in each reverse transcription reaction. To maintain accuracy, equal volumes of cDNA are used for PCR since quantification by Nanodrop also measures ‘free dNTPs’, RNA and cDNA. The cDNA concentration range provided is an estimation based on average Nanodrop measurements and theoretical calculations which assume 1:1 conversion of RNA:cDNA. Concentrations of cDNA varied from 5 to 50 ng/μl for the test samples, up to 800ng/μl for the mock sample.
14. Primary tests are required to establish the optimal dose of doxorubicin treatment in order to use the minimal amount of drug while observing toxicity. It is necessary to establish this optimal dose for each cell line. For HT-1080 cells, we tested 1 nM, 10 nM, 100 nM and 1 μM doxorubicin hydrochloride treatment for 24 and 48h. We decided to use 100 nM doxorubicin treatment for 48h. As doxorubicin is resuspended in DMSO, it is essential to include the same amount of DMSO in the control wells treated with 0 nM doxorubicin. Here, 1 % (v/v) DMSO was used as a control treatment for 100 nM doxorubicin hydrochloride treatment.
15. Primary tests are required to establish the optimal resorufin fluorescence measurement program for the Tecan microplate reader. The optimal gain for resorufin fluorescence measurement should be determined. We recommend using a gain of 60 on the Tecan Infinite® M200Pro microplate reader. The seeding range of cell number to maintain a good correlation between produced resorufin levels and cell numbers also needs to be established. For a 12 well plate, we recommend seeding up to 2x105 HT-1080 cells/well. The duration of the measurement program can be optimised. Indeed, resorufin fluorescence levels reach a plateau over time and the measurement program should only last until such a plateau is reached. In fact, only the slopes (over time) of the initial linear part of resorufin fluorescence levels are relevant to reflect the metabolic activities of viable cells.
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