[bookmark: OLE_LINK367][bookmark: OLE_LINK368][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK163][bookmark: OLE_LINK164][bookmark: OLE_LINK165]Dual CRISPR Interference and Activation for Targeted Reactivation of X-linked Endogenous FOXP3 in Human Breast Cancer Cells
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Materials and Methods
DNA construction for CRISPR Interference and Activation (CRISPRi/a) 
Individual CRISPRi/a PiggyBac DNA constructs for endonuclease-deficient CRISPR/Cas9 (dCas9) effectors used in this study are described in Table S4. To assemble the doxycycline (Dox)-inducible dCas9-effector constructs, human codon-optimized S. pyogenes dCas9 was fused at the C-terminus with an HA tag and two SV40 nuclear localization signals, followed by the effector [1]. The VP64-p65-Rta (VPR) effector [2] was assembled by fusing the activation domain of VP64 with the activation domain of p65 and Epstein-Barr virus R (Rta) with two glycine-serine linkers. An extra SV40 nuclear localization signal was inserted between VP64 and p65. To pick out cell clones containing this vector, the puromycin-resistance gene was added to the N-terminal of the VPR effector followed by a CAG promoter. The S. Aureus dCas9 (gift from Feng Zhang, Addgene plasmid no. 61594) constructs and the VPR effector were driven by a PGK promoter. The catalytic domain of TET1 was amplified by PCR without any mutation and cloned onto the vector instead of the VPR effector. For visualization, enhanced fluorescent green protein (GFP) was fused to the N-terminal of the effector to replace the puromycin-resistance gene.
[bookmark: OLE_LINK160][bookmark: OLE_LINK161][bookmark: OLE_LINK173][bookmark: _Hlk79497727][bookmark: OLE_LINK7][bookmark: OLE_LINK5][bookmark: OLE_LINK6]The X-inactive specific transcript (XIST)-single guide RNAs (sgRNAs) and FOXP3-sgRNAs were designed to target the -50 to +300 bp upstream of the transcription start site of the XIST locus for Krüppel-associated box (KRAB) transcription repression and target to the two CpG-rich sites of the promoter and intron 1 of the FOXP3 locus for VPR transcription activation or TET1 DNA demethylation. As shown in Table S4, for targeted repression of XIST, we constructed three XIST-sgRNAs to the pHR lentiviral U6-based expression vector (pSLQ2837), which expresses monomeric infrared fluorescent protein (​mIFP). Likewise, we constructed five FOXP3-sgRNAs to the pHR lentiviral U6-based expression vector (pSLQ2806), which expressed monomeric red fluorescent protein (mCherry). Alternative sgRNA sequences (Table S5) were generated by PCR reactions with Q5-High-Fidelity DNA-polymerase (NEB) according to the manufacturer's protocol. We used pSLQ2837 (for XIST sgRNA)/pSLQ2806 (for FOXP3 sgRNA) as PCR templates to the sgRNA using the forward primer and the universal reverse primer. Then, the purified PCR product was introduced by InFusion cloning into the pSLQ2837/pSLQ2806 backbone vector, which was digested with BstXI and XhoI as previously described [1]. All DNA constructs of sgRNAs were confirmed by DNA Sanger sequencing.
Cell culture and transfection
[bookmark: OLE_LINK279][bookmark: OLE_LINK280][bookmark: OLE_LINK876][bookmark: OLE_LINK877][bookmark: OLE_LINK884][bookmark: OLE_LINK885]HEK 293T, MCF7, and MDA-MB-231 cell lines (ATCC) were cultured in high-glucose DMEM media supplemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA).  The HCC202 (also known as CRL-2316, ATCC) cell line was routinely grown in RPMI-1640 medium supplemented with 10% FBS. All cell lines were cultured at 37 °C with 5% CO2 for less than six months, were authenticated by examination of morphology and growth characteristics, and were confirmed to be mycoplasma-free. Short tandem-repeat analysis for DNA fingerprinting was also used to verify the cell lines. To achieve high transfection efficiencies, HEK 293T, MCF7, MDA-MB-231, and HCC202 cell lines were stably generated with the Piggybac-based dCas9-effector constructs and then followed by transduction with suitable sgRNA vectors. One day before transfection, the cultured cells were seeded in 6-well plates and were grown to about 80% confluency on the day of transfection. To integrate the Piggybac-based dCas9-effector constructs to the genome, the PiggyBac plasmid containing the dCas9-effector and Super PiggyBac transposase (Systems Biosciences, Palo Alto, CA) plasmid were co-transfected at a ratio of 2.5:1 using Lipofectamine 3000 (Thermo Fisher Scientific). After incubation with the transfection complexes for 48 hours, stably integrated cells were selected by Zeocin and GFP for CRISPRi and puromycin for the CRISPRa vector for 14 days. Then, the transfected cells were isolated as single clones and confirmed by Western blots. 
[bookmark: OLE_LINK878][bookmark: OLE_LINK879][bookmark: OLE_LINK880][bookmark: OLE_LINK881][bookmark: OLE_LINK882][bookmark: OLE_LINK883]To evaluate the effectiveness of the sgRNAs-induced dcas9 system, the stably integrated cells containing the CRISPRi or CRISPRa vector were subjected to transient transduction of sgRNA vectors. Cells were harvested for RNA isolation at 2, 4, 6, 8, and 10 days post-transduction and analyzed by reverse transcriptase qPCR. To establish the cells containing CRISPRi/a vectors and sgRNA vectors, the most effective sgRNA vectors for CRISPRi/a were lentivirally transduced into the stably integrated cells containing the CRISPRi/a vector. For lentivirus generation, HEK 293T cells were seeded into two 10-cm plates and were grown to about 80% confluency on the day of transduction. Then, individual lentiviral sgRNA vectors were co-transduced with two lentiviral packaging plasmids, psPAX2 and pMD2G (Addgene, Cambridge, MA) at a ratio of 2:2:1 using polyethylenimine (Polysciences, Warrington, PA). After 18 hours of transduction, the medium was exchanged with fresh medium, and, at 48 hours after replacing the medium, the packaged lentivirus supernatant was collected and passed through a 0.45-µm filter. Targeted cells were transduced with packaged sgRNA lentiviruses and were sorted, at 48 hours post-transduction, with mIFP or mCherry by use of a BD FACS Aria II flow cytometer (Thermo Fisher Scientific). Then, the positive mIFP or mCherry fluorescence cells containing CRISPRi/a vectors were cultured for four passages for use in subsequent experiments.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK21][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK1][bookmark: OLE_LINK2]Establishment of CRISPRi/a-based platform for targeted repression of XIST and activation of FOXP3
[bookmark: OLE_LINK257][bookmark: OLE_LINK258][bookmark: OLE_LINK268][bookmark: OLE_LINK270][bookmark: OLE_LINK261][bookmark: OLE_LINK267][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK255][bookmark: OLE_LINK256][bookmark: OLE_LINK259][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK419][bookmark: OLE_LINK420][bookmark: OLE_LINK262][bookmark: OLE_LINK263][bookmark: OLE_LINK30][bookmark: OLE_LINK31][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK24][bookmark: OLE_LINK25][bookmark: OLE_LINK116][bookmark: OLE_LINK38][bookmark: OLE_LINK48][bookmark: _Hlk74990563][bookmark: OLE_LINK670][bookmark: OLE_LINK383][bookmark: OLE_LINK384][bookmark: OLE_LINK284][bookmark: OLE_LINK285][bookmark: OLE_LINK410][bookmark: OLE_LINK411][bookmark: OLE_LINK333][bookmark: OLE_LINK334][bookmark: OLE_LINK119][bookmark: OLE_LINK143]dCas9-mediated gene-specific epigenetic modifications are based on dCas9 fusion to transcriptional and epigenetic effectors [3]. dCas9 fusion to the transcriptional repressor KRAB domain [4] is used for CRISPRi-mediated repression of gene expression. In contrast, dCas9 fusion to tripartite transcriptional activators VPR [5, 6] is used for CRISPRa-mediated activation of gene expression. To induce the transcription of  X-linked endogenous FOXP3 in female cells, we developed a dCas9-based platform for simultaneous non-coding RNA XIST repression and FOXP3 activation within the same cells using our previously established method [7]. Briefly, DNA constructs consist of a coherent set of pSLQ1922 for Streptococcus pyogenes (Sp) dCas9 (SpdCas9)-KRAB [doxycycline (Dox) inducible], pSLQ1932 for SpdCas9-VPR (Dox inducible), pSLQ2840 for Staphylococcus aureus (Sa) dCas9 (SadCas9)-VPR, modified pSLQ2840 for SadCas9-TET1, pSLQ2837 for XIST sgRNA, and pSLQ2806 for FOXP3 sgRNA (Figs. S2A, S2B and S8A and Table S4). The three XIST sgRNA1/2/3 were established in our previous study [8] (Fig. S2C and Table S5). For targeted activation of FOXP3, we designed five sgRNAs (Table S5) at the two CpG-rich loci in the proximal promoter region of the transcription start site and the conserved non-coding sequence (CNS) region of intron 1 [9-12] of FOXP3 (Fig. S2D). The XIST- and FOXP3-sgRNAs guide the SpdCas9-KRAB and SadCas9-VPR fusions, respectively, to the target sequences at the XIST (proximal promoter region) and FOXP3 (two CpG sites) loci, respectively [7, 8, 12-19].
[bookmark: OLE_LINK203][bookmark: OLE_LINK217][bookmark: OLE_LINK665][bookmark: OLE_LINK252][bookmark: OLE_LINK26][bookmark: OLE_LINK27][bookmark: OLE_LINK42][bookmark: OLE_LINK43][bookmark: OLE_LINK96][bookmark: OLE_LINK97][bookmark: OLE_LINK385][bookmark: OLE_LINK386][bookmark: OLE_LINK67][bookmark: OLE_LINK68][bookmark: OLE_LINK281][bookmark: OLE_LINK282][bookmark: OLE_LINK666][bookmark: OLE_LINK669][bookmark: OLE_LINK33][bookmark: OLE_LINK36][bookmark: OLE_LINK388][bookmark: OLE_LINK389][bookmark: OLE_LINK246][bookmark: OLE_LINK247][bookmark: OLE_LINK40][bookmark: OLE_LINK41][bookmark: OLE_LINK316][bookmark: OLE_LINK315][bookmark: OLE_LINK46][bookmark: OLE_LINK47][bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK287][bookmark: OLE_LINK288]Two human embryonic kidney HEK 293T stable cell lines derived from a female fetus that stably expressed SpdCas9-KRAB or SpdCas9-VPR have been established in our previous study [20] (Table S2). First, we validated the repression of XIST in our CRISPRi system using the established SpdCas9-KRAB-stably expressing HEK 293T cell line. Three sgRNAs were designed to target the promoter and enhancer loci of XIST (Fig. S2C). With CRISPRi HEK 293T cells, we validated the repression of XIST transcription by the XIST-sgRNAs 1/2/3 (Fig. S9D) [8]. Next, we validated the activation of FOXP3 transcription in our CRISPRa system using the SpdCas9-VPR-stably expressing HEK 293T cell line. Five sgRNAs were designed to target the promoter and enhancer loci of FOXP3 (Fig. S2D). After addition of Dox, levels of the FOXP3 transcript were increased by 3- to 13-fold by use of the FOXP3-targeting sgRNAs 1/2/3 in the CpG-rich site of the FOXP3 intron 1, but not in the proximal promoter region of the transcription start site (Figs. S9C). This result validated the efficacy of our CRISPRi/a-based platform for targeted repression of XIST and activation of FOXP3 in human HEK 293T cells.
Quantitative real-time PCR (qPCR)
[bookmark: OLE_LINK51][bookmark: OLE_LINK52][bookmark: OLE_LINK888][bookmark: OLE_LINK889]Total RNA was extracted from cells using the TRIzol Reagent (Thermo Fisher Scientific), and 1 µg of total RNA was reverse-transcribed with High-Capacity cDNA Reverse Transcription kits (Thermo Fisher Scientific). For each qPCR reaction, primers and 20 ng of cDNA were mixed in a 10-µl template and amplified using an SYBR Green Supermix kit (Thermo Fisher Scientific) with a Light Cycler 480 II instrument (Roche, Basel, Switzerland). The primer sequences are listed in Table S5. The fold-increases of mRNA expression of the genes of interest were calculated using the 2-ΔΔ Ct method with GAPDH mRNA as an internal control. 
[bookmark: OLE_LINK182][bookmark: OLE_LINK183]Co-immunoprecipitation (Co-IP) and Western blots
[bookmark: OLE_LINK886][bookmark: OLE_LINK887]At about 90% confluency, cells on 10-cm plates were washed with cold PBS and lysed in ice-cold buffer (20 mM Tris–HCl, pH 8.0), 150 mM NaCl, 1 mM EDTA, 1% NP-40) supplemented with protease inhibitors (Sigma-Aldrich, St. Louis, MO) on ice for 10 min. After centrifuging of the preparations, the lysates were aliquoted into two tubes and incubated with either the designated antibody or an appropriate IgG control for 16 hours at 4°C. Then, the immune complexes were precipitated with Rec-protein G-SepharoseTM (Thermo Fisher Scientific), and the proteins were eluted from the pelleted beads with 2x SDS sample buffer for subsequent Western blot analyses. For Western blotting, 30 µg of whole-cell lysates was separated on SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Millipore, Burlington, MA). The membranes were incubated with appropriate primary antibodies, followed by either an anti-rabbit or anti-mouse IgG HRP-linked secondary antibody. The details of antibodies are listed in Table S6. Then, after incubation of the membranes with chemiluminescence reagents, the HRP signal was evaluated by exposure of the membranes to X-ray films.
Fluorescence-activated cell sorting (FACS) 
[bookmark: OLE_LINK890][bookmark: OLE_LINK891]For obtaining stably integrated cells with the CRISPRi vector, cells were gated for GFP-positive expression, and the population of interest was sorted and cultured in medium containing Zeocin (1 µg/ml). For sorting of cell pools with sgRNA vectors, cells were gated for mIFP- or mCherry-positive expression for the CRISPRi or CRISPRa system, and the population of the highest positive reporter fluorescent protein was collected and cultured for four passages for subsequent experiments. Each positive fluorescence population was gated, normalized to the un-transduced control cells by an BD FACS Aria II flow cytometer, and analyzed by FlowJo software (BD Biosciences, Ashland, OR). 
RNA fluorescence in situ hybridization (FISH)
[bookmark: OLE_LINK896][bookmark: OLE_LINK897][bookmark: OLE_LINK892][bookmark: OLE_LINK893][bookmark: OLE_LINK894][bookmark: OLE_LINK895]RNA-FISH was performed as previously described [21, 22]. Cells were seeded on glass coverslips in 3.5-cm plates for 2 days. After washing with Hank’s balanced salt solution (Thermo Fisher Scientific), coverslips were rinsed with Cytoskeletal buffer (CSK buffer) on ice. For extraction, coverslips were kept in CSK buffer with 0.5% Triton X-100 and 2 mM VRC (vanadyl ribonucleoside complex, Sigma-Aldrich) for 10 min on ice and were treated with 4% paraformaldehyde solution for 8 min of fixation. To detect human XIST, an appropriate DNA probe G1A (Addgene, plasmid no. 24690), encompassing approximately 10 kb of genomic DNA of the XIST gene, was processed with Digoxigenin-11-dUTP (Roche) and Nick-translation mix (Roche) [23]. For hybridization, 50 ng of labeled probe was mixed with 10 μg of human Cot-1 DNA (Roche) and 10 μg each of salmon sperm DNA and E. Coli tRNA. The probe was air-dried and denatured on an 80°C heat block with 100% formamide. Then, coverslips were hybridized on the slides with 20 μl of hybridization buffer containing 80 U/μl of RNasin overnight. On the following day, the coverslips were rinsed in 2× saline-sodium citrate (SSC with 50% formamide) at 37°C, in 2×SSC at 37°C, in 1×SSC at room temperature on a shaker, and finally in 4×SSC at room temperature for 2 min to equilibrate cells before detection. Then, coverslips were incubated with a secondary antibody of anti-digoxigenin fluorescein (Roche) for 1 hour at 37°C and counterstained with 4’,6-diamidino-2-phenylindole (DAPI) for 1 min. Finally, coverslips were mounted using Vectashield (Vector Labs, Burlingame, CA) mounting media and imaged with a BX43 microscope (Olympus, Tokyo, Japan).
[bookmark: OLE_LINK365][bookmark: OLE_LINK366]Immunofluorescence imaging
[bookmark: OLE_LINK16]The stably integrated cells containing CRISPRi or CRISPRa vector or both CRISPRi and CRISPRa vectors were seeded on 6-well plates for transduction with sgRNA vectors. At selected times, the positive reporter fluorescent signal of cells was imaged with a Lionheart FX Automated Microscope (BioTek, Winooski, VT). Selected positions of each image were acquired under a bright field, with GFP and Texas Red filter cubes, and merged for visualization of cells containing both fluorescent signals.
DNA methylation analysis
[bookmark: OLE_LINK117][bookmark: OLE_LINK127][bookmark: OLE_LINK169][bookmark: OLE_LINK175][bookmark: OLE_LINK238][bookmark: OLE_LINK240][bookmark: OLE_LINK232][bookmark: OLE_LINK233][bookmark: OLE_LINK231][bookmark: OLE_LINK222][bookmark: OLE_LINK234][bookmark: OLE_LINK237]DNA methylation status was determined by PCR analysis of bisulfite-modified genomic DNA using pyrosequencing (PyroMark Q96 ID; Qiagen, Germantown, MD) according to the manufacturer’s instructions. The primers were designed by use of the Pyromark Assay Desing Software package (Qiagen), and 10 CpG sites of the FOXP3 intron region were selected for quantitative DNA methylation analysis. These CpG sites were associated with activation of FOXP3 by CRISPRi/a. DNA bisulfite conversion was performed by use of EpiTect Bisulfite Kits (Qiagen) followed by PCR amplification with primers. The pre-PCR products were used for bisulfite pyrosequencing to determine DNA methylation levels for each CpG site. Also, the means of DNA methylation levels in the 10 CpG sites were calculated to obtain an average percentage of methylation. The primers used are described in the Table S5.
[bookmark: OLE_LINK460][bookmark: OLE_LINK463]Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed as previously described [24]. Stable cells with CRISPRi and CRISPRa vectors were transduced with 12 µg of sgRNA vectors for CRISPRi and CRISPRa effector on 10-cm plates using Lipofectamine 3000. After 96 hours of transduction, the cross-linked samples were sonicated in SDS Lysis Buffer (1% SDS, 10 mM EDTA, and 50 mM Tris-HCl, pH 8.1) using a FisherbrandTM Model 120 Sonic Dismembrator (Thermo Fisher Scientific) to 200-1,000bp fragments. Sheared samples were centrifuged for 10 min at 13,000 rpm and 4°C, and the pellets were diluted with ChIP dilution buffer (0.01% SDS; 1.1% Triton X-100; 1.2 mM EDTA; 16.7 mM Tris-HCl, pH 8.1; and 167 mM NaCl). ChIP enrichment of each sample was conducted by adding 2-4 μg of each antibody. Then, the immune complexes were pulled down with Rec-protein G-SepharoseTM (Thermo Fisher Scientific), and the DNA was eluted from the pelleted protein G agarose/antibody/protein complex with elution buffer (1% SDS, 0.1 M NaHCO3). ChIP-qPCR was performed to quantify the amounts of immune-enriched DNA fragments. The primers and antibodies are shown in Tables S5 and S6.
CRISPR off-target analysis
[bookmark: OLE_LINK898][bookmark: OLE_LINK899]To exclude the potential off-target effects of each sgRNA, we screened the sequences of XIST and FOXP3 sgRNAs using the off-target searching tool (Cas-OFFinder, Daejeon, South Korea, http://www.rgenome.net/cas-offinder). Unbiased off-target screening was performed on the human reference genome GRCh38 for canonical SpCas9 PAM sites using 20-base-pair target sites without protospacer adjacent motif (PAM) sequences [25]. The criteria for settings were confined to four or fewer mismatches with no DNA or RNA bulge. The total number and the possible binding loci of off-target genes of XIST and FOXP3 sgRNAs are summarized in Tables S3a-d. Subsequently, to assess the specificity of sgRNA-induced effects on target sites, qPCR was conducted to measure the mRNA expression of off-target genes (mismatches ≤ 3) of XIST and FOXP3 sgRNAs and the nearest neighboring genes (PPP1R3F and CCDC22) to the FOXP3 locus. Primers for qPCR and sgRNAs are shown in Table S5.
Xenogeneic transplantation
[bookmark: _Hlk86745266][bookmark: OLE_LINK53][bookmark: OLE_LINK455][bookmark: OLE_LINK456][bookmark: OLE_LINK450][bookmark: OLE_LINK451]NSG mice were purchased from the Jackson Laboratory (Bar Harbor, ME). All animal experiments were conducted following the protocol approved by the Institutional Animal Care and Use Committee of University of Alabama at Birmingham (UAB; Birmingham, AL). For an orthotopic breast cancer model, 1 × 106 breast cancer cells were injected into the fourth mammary fat pads of 8-week-old female NSG mice. Xenograft tumor growth was assessed for 4 weeks after tumor cell injection. Mice were intraperitoneally injected with Dox (2.5 mg/kg weekly) to induce CRISPR-dCas9 expression. Tumor growth was measured with calipers every other day, and their volumes were determined as (width2 × length)/2 [26, 27].
[bookmark: OLE_LINK49][bookmark: OLE_LINK50]For an intratibial breast cancer model, NSG mice were anesthetized with isoflurane, then moved to nose cones and maintained under anesthesia. Hind legs of mice were cleaned with 10% povidone/iodine swab/solution, followed by ethanol, repeating two times. If fur was present, the legs were further depilated before cleaning. The lateral malleolus, medial malleolus, and lower half of the tibia were gently grasped with forefinger and thumb, and the leg was bent. With the ankle and leg of mice firmly grasped, a 28-g ½ needle was inserted under the patella, through the middle of the patellar ligament, and into the anterior intercondylar area in the top of tibia. When the needle was inserted into the tibia, it was guided through the growth plate by steady, firm pressure with slight drilling action. Upon penetration of the tibial growth plate, the needle encountered markedly less resistance. Then, the needle was moved using a gentle, lateral movement to ensure that it was in the tibia and through the growth plate. Meanwhile, the plunger was slowly depressed, and 10 μl of cell solution (1×105) was injected. At this point, little to no resistance was felt. At last, the needle was slowly extracted. The mouse was removed from anesthesia and kept on a heating pad until recovery. Xenograft tumor growth was monitored by imaging using an IVIS Lumina Series III (PerkinElmer, Akron, OH). The numbers of surface tumor lesions over all lobes of the lungs were scored as metastatic nodules.
Statistical analyses 
Differences in outcomes between two groups were compared by two-sided t-tests. Analysis of variance (ANOVA), one- and two-way, were used to test for overall differences, followed by a Dunnett post hoc test for differences between groups. All data were entered into an Access database using Excel (Microsoft 365 ProPlus) and analyzed with SPSS (version 25; IBM, Armonk, NY) and GraphPad (Prism 8, San Diego, CA).
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