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SUMMARY: 
Development of murine models with specific genes mutated in head and neck cancer patients is required for understanding of neoplasia. Here, we present a protocol for in vitro transformation of primary murine tongue cells using an adeno-associated virus–Cas9 system to generate murine HNC cell lines with specific genomic alterations. 

ABSTRACT: 
The use of primary normal epithelial cells makes it possible to reproducibly induce genomic alterations required for cellular transformation by introducing specific mutations in oncogenes and tumor suppressor genes, using clustered regulatory interspaced short palindromic repeat (CRISPR)-based genome editing technology in mice. This technology allows us to accurately mimic the genetic changes that occur in human cancers using mice. By genetically transforming murine primary cells, we can better study cancer development, progression, treatment, and diagnosis. In this study, we used Cre-inducible Cas9 mouse tongue epithelial cells to enable genome editing using adeno-associated virus (AAV) in vitro. Specifically, by altering KRAS, p53, and APC in normal tongue epithelial cells, we generated a murine head and neck cancer (HNC) cell line in vitro, which is tumorigenic in syngeneic mice. The method presented here describes in detail how to generate HNC cell lines with specific genomic alterations and explains their suitability for predicting tumor progression in syngeneic mice. We envision that this promising method will be informative and useful to study tumor biology and therapy of HNC. 

INTRODUCTION: 
HNC is a common malignancy worldwide1. Modeling the genesis of HNC neoplasia is currently at a scientific turning point2. While many genetic mutations have been identified in HNC2–4 (e.g., TP53, PIK3CA, NOTCH1, FAT1, and RAS) the specific combinations of genomic alterations required in concert to induce HNC remain unclear. 

The current use of human HNC cell lines has significantly helped to elucidate the mechanisms associated with pathogenesis and treatment3. However, the study of human cell lines in immunocompromised murine systems has its limitations, because these systems do not address the in vivo neoplastic process, the role of specific gene mutations, and treatment responses in an immune microenvironment. Hence, the development and establishment of murine cell lines with specific genetic alterations are of primary importance to study how different genes contribute to the transformation process and to test novel molecule-based therapies in immunocompetent mice.

Gene function studies in biomedical research have been significantly affected by advances in DNA editing technologies, by introducing double-strand breaks (DSBs), for example5. These technologies, including the use of zinc finger nucleases, transcription activator-like effector nucleases, and clustered regulatory interspaced short palindromic repeats (CRISPR/Cas9), allow for the manipulation of any gene of interest at its locus. The latest CRISPR/Cas9 systems is comprised of a guide RNA (gRNA) that directs the Cas9 nuclease to generate a DSB at a specific site in the genome. This system has gained extensive recognition in modifying endogenous genes in any cell or target tissue, even in the most traditionally difficult-to-treat organisms5. It has multiple advantages over other systems due to its simplicity, speed, and efficiency. 

In oncology, CRISPR/CAS9 technology has fulfilled the need to effectively mimic cancer cells. To establish this system in HNC, we manipulated the potent KRAS oncogene and two important tumor suppressor genes, APC and p536. According to the GENIE database7, this combination is rare in HNC. RAS mutations (HRAS, NRAS, and KRAS) are present in only ~7% of all HNC populations. These tumors tend to be resistant to therapy8,9. 

Delivery of Cas9 and its gRNA is achieved through viral transduction using either AAVs or lentiviruses. Recombinant AAV is often the preferred method for delivering genes to target cells owing to its high titer, mild immune response, ability to transduce a broad range of cells, and overall safety. Using an AAV system, various tissue-specific mouse cell lines have been generated, and new cell lines are still being developed10–12. However, an efficient genomic editing system that can generate murine HNC cell line models cells remains to be developed. In this study, we sought to develop an in vitro AAV-Cas9-based system for transforming primary murine tongue cells into a tumorigenic state. This unique CRISPR/Cas9 transformation protocol and the established tumor cell line can be used to better understand the biology of HNC induced by a diversity of genomic alterations.
[bookmark: _Hlk22024580]
[bookmark: _Hlk22024474]PROTOCOL: 

This study was approved by the Ben Gurion University of the Negev Animal Care and Use Committee. Animal experiments were approved by the IACUC (IL.80-12-2015 and IL.29-05-2018(E)). All aspects of animal testing, housing, and environmental conditions used in this study were in compliance with The Guide for the Care and Use of Laboratory Animals13.

1. Adeno-associated virus production
[bookmark: _Toc30589633]
1.1. 	Day 1: Cell culture

1.1.1. 	Seed 4 x 106 HEK293T cells per 14.5 cm plate in 15 mL of DMEM. Prepare 10 plates for transfection with polyethylenimine (PEI) (1 µg/µL).
 
1.2. Day 2: Transfection of HEK293T cells using PEI

1.2.1. Remove media and refeed with warm DMEM 1 h before the transfection.

1.2.2. Prewarm transfection reagents and DMEM.

1.2.3. Use 10 µg of the plasmid of interest containing AAV ITR (AAV pCM109 EFS Cre sg APC sg KRAS sg P53- KRAS HDR), 10 µg of the AAV 2/9n capsid plasmid (with the rep gene of AAV2 and the cap gene of AAV9, and 10 µg of the helper plasmid (pAdDelta F5 helper) per plate (See Table of Materials). 

NOTE: A new generation of helper plasmid -pAdDeltaF614–16 that can also be used for AAV production is available.

1.2.4. Mix the plasmids in 1 mL of plain DMEM per plate. Then add 90 µL of polyethylenimine (total plasmid: PEI concentration =1:3) to the plasmid mix and vortex briefly.

1.2.5. Incubate the PEI-plasmid DNA mix for 20 min at room temperature (RT).

1.2.6. Add the mix dropwise on top of the HEK293T cells and transfer the plates to the cell culture incubator at 37 °C with 5% CO2 for 24 h. 

1.3. [bookmark: _Toc30589635]Day 3: Medium change after transfection

[bookmark: _Toc30589636]1.3.1. Remove the medium completely and add 15 mL of fresh DMEM.
[bookmark: _GoBack]
1.4. Day 5: Harvesting the virus

1.4.1. Prepare a dry ice/ethanol bath.

1.4.2. Collect the cells with a cell scraper and transfer them into 50 mL tubes (2 plates per 50 mL tube).

1.4.3. Spin tubes at 800 x g for 15 min at room temperature.

1.4.4. Discard the supernatant from all the tubes. Add 0.5 mL of the lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH = 8.5) per plate (i.e., 5 mL for 10 plates) to the first tube only. Resuspend the cells and transfer the total volume to the next tube and continue until the last tube. 

1.4.5. Transfer the cell suspension to a fresh 50 mL tube. Wash the tubes with the same volume of lysis buffer (0.5 mL per plate) using the same transfer method as described in step 1.4.4. 

1.4.6. Subject the cell suspension to three rounds of ~10 min freeze/thaw cycles between a dry ice/ethanol bath and a 37 °C water bath. Vortex briefly after each thawing.

1.4.7. If the purification is carried out on the same day, set the equilibration and elution buffer (see Table 1 for the recipe) at RT. 

1.4.8. Add 50 units of benzonase per plate and incubate at 37 °C for 1.5 h.

NOTE: Benzonase is used to digest residual nucleic acids from the host producer cells and the plasmid DNA present in the cell suspension.

1.4.9. Spin the tubes at 3,000 x g for 15 min at 4 °C.

1.4.10. Collect the supernatant in a syringe using a 18 G steel needle and push the solution through a 0.45 µm filter into a 15 mL tube to obtain the crude lysate.

1.4.11. Store the crude lysate at 4 °C for a few weeks until purification or continue purification.

2. AAV purification

2.1. [bookmark: _Toc30589637]Day 5 or later

2.1.1. Place the equilibration and elution buffer at RT.
 
2.1.2. Wash chromatography columns with 10 mL of the equilibration buffer.

2.1.3. Add 0.5 mL per plate of heparin-agarose to the column17 and then add the equilibration buffer (4x the volume of the heparin-agarose). Mix the solutions by inverting the column and let the agarose sediment.

2.1.4. Elute the equilibration buffer from the column by gravity. 

NOTE: Leave some equilibration buffer to prevent the agarose from drying out.

2.1.5. Load the crude lysate onto the column and incubate for 2 h at 4 °C with constant agitation. Bring the column into an upright position and allow the agarose to sediment.

2.1.6. Elute the crude lysate by gravity.

2.1.7. Wash the column with equilibration buffer (4x the volume of the heparin-agarose).

2.1.8. Place a 100 kDa centrifugal protein filter below the column and elute the virus using an elution buffer (3x the volume of the heparin-agarose) into the filter. 

NOTE: The elution buffer should not exceed 15 mL.

2.1.9. [bookmark: _Hlk22107953]Centrifuge the filter at 3,000 x g for ~30 min until less than 1 mL is left in the filter.

2.1.10. Fill up the filter with PBS and centrifuge at 3,000 x g for ~30 min until less than 1 mL is left in the filter. Repeat this step 2x to remove all salts. 

2.1.11. Concentrate the virus solution in the filter by centrifugation at 3,000 x g to arrive at a volume as small as possible (less than 200 µL).

2.1.12. Aspirate the virus solution with a needle and syringe and push the solution through a 0.22 µm filter into a tube.

2.1.13. Make aliquots of concentrated viral particles for storage.

NOTE: The aliquots should be ~20 µL for short-term storage at 4 °C and ~5 µL for long-term storage at -80 °C.

2.1.14. Determine the viral titer and viral transduction efficiency as described previously14,18–20.
[bookmark: _Hlk22115329]
3. Isolation and culture of primary cells

3.1. Day 1

Euthanize a 6-week-old male or female B6;129-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J by CO2 asphyxiation or any other IACUC approved protocol. 

NOTE: These CRISPR/Cas9 knockin mice have Cre recombinase-dependent expression of cas9 endonuclease and EGFP directed by a CAG promoter. The upstream Lox-Stop-Lox (LSL) sequence present in the genome of these mice prevent the expression of Cas9 and EGFP in the absence of Cre recombinase. When used in combination with single guide RNAs (sgRNAs) and a Cre source, they allow editing of single or multiple mouse genes in vivo or ex vivo14.

Dissect the tongue from the euthanized mice using surgical scissors.

Manually dissociate the tissue by mincing the tongue tissue into very small fragments using a scalpel. Collect the tissue fragments in a 15 mL tube.

Add the triple enzyme mix (see Table 1 for the recipe) to the tissue fragments.

Incubate the tissue-enzyme mix at 37 °C for 30 min and tap the tube every 10 min to enhance enzymatic dissociation of the tissue.

Add 5% fetal bovine serum (FBS) containing HBSS/PBS to the tissue-enzyme mix to stop the enzyme action.

Filter the above cell suspension through a sterile 70 µm nylon mesh to separate the dispersed cells and larger tissue fragments. 

Wash the filtered cell suspension by centrifugation for 800 x g for 5 min in HBSS/PBS at RT.

Resuspend the pellet in culture medium (10% FBS in RPMI/DMEM) and grow in 60 mm culture dishes until distinct cell colonies are formed. 

3.1.9.1. Culture cell aggregates retained on top of the filter in a 60 mm culture dish containing 3 mL of complete media (10% FBS in RPMI/DMEM) until cell colonies are formed.

Microscopically examine the primary cells for the presence of fibroblast contamination after 1 week of culture. Treat the primary cells developed from aggregates and cell suspensions with 0.25 trypsin 0.02% EDTA solution at 37 °C for 1 min to remove fibroblasts. 

NOTE: Usually the primary culture from cell aggregates produces more colonies compared to single-cell suspensions. The cells from these colonies provide better transduction efficiency with AAV transduction.

4. AAV transduction of primary cells

4.1. Day 10

4.1.1. Seed 2 x 105 primary cells per well in 6 well plates in 2 mL of complete media (10% FBS in RPMI/DMEM).

4.1.2. The next day, transduce the cells with 1012 viral genome/mL (1010 transducing units/mL) and incubate the cells in viral particle-containing media for 48 h at 37 °C.

4.1.3. Remove the viral particle-containing media and feed the AAV-transduced cells with complete media. 

NOTE: Only cells that underwent transduction will express GFP and start to proliferate. Cells that did not undergo transduction will eventually die within 2 weeks.

4.1.4. After 2 weeks of culture expansion, seed the cells for validation and the in vivo tumorigenic experiments. 

NOTE: Genomic DNA from AAV-transduced cells and normal primary cells from Cas9 mice were extracted for validating specific genome editing using standard protocols. Sequencing of the extracted DNA and analysis of the sequenced data (Table 2) were performed using a hybridization capture-based next-generation sequencing assay (e.g., MSK-IMPACT platform) as described previously21. 

5. Validating the transformation of normal cells to tumorigenic cells using immunofluorescence and western blotting

5.1. Immunofluorescence

5.1.1. Seed 2 x 105 cells on 12 mm glass coverslips and place them in an incubator overnight.

5.1.2. Fix cells in 4% paraformaldehyde in PBS (pH = 7.4) and process for immunofluorescence labeling. 

5.1.3. Incubate the fixed cells with the first primary antibody in 1% BSA or 1% serum in PBST in a humidified chamber for 1 h at RT or overnight at 4 °C. The primary antibodies used are the rabbit monoclonal anti-KRT 14, rabbit monoclonal anti-E-cadherin antibody, and Cas9 mouse mAb.

5.1.4. Remove the primary antibody solution from the coverslips by washing the cells 3x for 5 min with 1x PBS.

5.1.5. Incubate the cells with Cy3 donkey anti-rabbit IgG and/or Cy3 goat anti-mouse IgG secondary antibodies in 5% BSA in PBST for 1 h at RT in the dark. 

5.1.6. Remove the secondary antibody solution from the coverslips and wash the cells 3x as described in step 5.1.4. 

5.1.7. Mount the coverslips with a drop of mounting medium containing DAPI (DAPI Fluoromount).

5.1.8. Store in the dark at 4 °C until the slides are imaged using fluorescence microscopy.

5.2. Western blotting

5.2.1. Seed 1 x 106 transformed cells in a 100 mm culture dish and place them in an incubator overnight. 

5.2.2. Wash and scrape the transformed cells into 200 µl ice cold PBS.

5.2.3. Centrifuge the tube containing the cell suspension for 10 min at 2,000 x g at 4 °C to pellet the cells.

5.2.4. Aspirate the supernatant and lyse the cells using lysis buffer (see Table 1) containing phosphatase inhibitor cocktails and a protease inhibitor for 10 min at 4 °C . Centrifuge the lysates for 10 min at 10,000 x g and 4 °C and collect the cleared lysates.

5.2.5. Use a commercially available Bradford assay kit to determine the protein concentration following the manufacturer’s protocol. Use 4x sample buffer (500 mM Tris pH = 6.8, 40% glycerol, 8% SDS, 20% H2O, 0.02% bromophenol blue) to adjust the protein samples to 0.5 or 1 µg/µL. Boil at 96 °C for 5 min. 

NOTE: The samples can be stored at -80 °C or until a Western blot analysis is performed.

5.2.6. Separate equal amounts of total lysate (30 µg) by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Ensure that the dye reaches the bottom of the gel. Transfer the protein to the nylon membrane by semi-dry blotting at 25 V for 30 min.

5.2.7. Pour 5% BSA in Tris-buffered saline (TBS)-0.1% Tween (TBST) over the membrane to cover it completely. Block the membrane for 1 h at RT. Incubate the mebrane with primary antibodies (anti-Cre, anti-Cas9, anti-GFP, anti-β catenin, anti p53, anti-phospho-ERK, and anti-β actin diluted in 5% BSA TBST) at 4 °C overnight.

5.2.8. After incubation, wash the membranes for 10 min with 1x TBST making sure that the solution covers the membrane completely. Perform this wash 3x, and then add horseradish peroxidase (HRP)-conjugated secondary antibody (diluted 1:10,000 in 5% BSA TBST) to the membrane. Incubate for 1 h at RT. 

5.2.9. After incubation, wash the membranes for 10 min with 1x TBST making sure that the solution covers the membrane completely. Perform the chemiluminescence imaging (see Table of Materials) to expose the bands, and capture images accordingly.

5.3. Validating the tumorigenic potential of transformed cells in immunocompetent mice

NOTE: Mice were maintained and treated according to the institutional guidelines of the Ben-Gurion University of the Negev. NOD.CB17-Prkdc-scid/NCr Hsd (NOD.SCID) and C57BL/6 mice were used for the in vivo studies. Mice were housed in air-filtered laminar flow cabinets with a 12 hour light/dark cycle and were fed food and water ad libitum. 

5.3.1. Use 6–8 week-old female NOD.CB17-Prkdc-scid/NCr Hsd (NOD.SCID) and C57BL/6 mice for the study.

5.3.2. Trypsinize the AAV-Cas9 transformed cells. Stop the trypsinization using DMEM prewarmed at 37 °C and collect in a 50 mL tube. 

5.3.3. Centrifuge the tube at 800 x g for 10 min at room temperature. Discard the supernatant and resuspend the cell pellet in DMEM medium without FBS. Perform the centrifugation again and resuspend the cell pellet in 1x PBS.

NOTE: Do not keep the cells in 1x PBS for too long. Always keep the cell suspension on ice to prevent cell clumping.

5.3.4. Use an automatic cell counter to count the cells and dilute the cells to the desired concentration (2.5 x 107 cells/mL) using 1x PBS. Generate tumors through a subcutaneous injection of the AAV-Cas9 transformed cell suspension in the right flank of each NOD.CB17-Prkdc-scid/NCr Hsd (NOD.SCID) mouse (2 x 106 cells/mouse). To generate an orthotropic model in syngeneic mice, inject 0.5 × 106 primary cells or the AAV-Cas9 transformed cells into the tongue of C57BL/6 immunocompetent mice.

5.3.5. Euthanize the animals 2 weeks postinjection by CO2 asphyxiation, and dissect the tumors from the euthanized mice for immunohistochemistry analysis. 

REPRESENTATIVE RESULTS: 
Using the AAV system to transform normal Cas9 cells 
Figure 1 provides a detailed vector map of the AAV transgene plasmid used in this study. Figure 2 outlines the design and working of the AAV-Cas9 based-system. To produce viral particles, the HEK293T cells were transfected with the AAV transgene vector and other viral packaging vectors using the PEI transfection method. After transfection, the virus-containing cells were collected and lysed, and using the heparin-agarose purification process, the viral particles were purified and concentrated (Figure 2A). These purified viral particles were used for the in vitro transformation of primary cells isolated from Cas9 mice to check the efficacy. In our system, the AAV transgene expression cassette is introduced through homologous recombination into the Cre-dependent Cas9 Rosa26 targeting template within mouse cells that carry an ubiquitous CAG promoter (pCAG), a LoxP-Stop-LoxP cassette (LSL), a Cas9 nuclease gene, a self-cleaving P2A peptide, and the reporter gene (EGFP) flanked by two homologous arms14. The Cre recombinase activity of the transduced cells excises the LSL and induces Cas9 and GFP expression (Figure 2B). Cas9 nuclease activity introduces a double-stranded break at the target sites of interest, directed through gRNAs, and helps in gene editing. The AAV system used in this study helps in delivering multiplexed gRNAs (sgRNAs for KRAS, p53, and APC) and also in expressing an oncogenic KRASG12D allele through homology-directed repair (HDR) in the transduced cells.

[Place Figure 1 and 2 here]

Validation of the AAV-Cas9 system in vitro in isolated mouse embryonic fibroblast cells 
Primary mouse embryonic fibroblast (MEF) cells have been used exclusively to study the consequences of gene ablation in cellular growth and proliferation22. To validate the efficiency of the AAV-Cas9 system in transforming normal cells, we transduced MEF cells isolated from Cas9 mouse embryos (E14) with AAV. The MEF cells were isolated as described previously23,24. MEFs from 14-day-old Cas9 mouse embryos were used because they are easy to culture and transduce in vitro. In brief, to transform MEFs via AAV transduction, primary MEFs at approximately 30% confluence were considered ready for transduction. One hour before transduction, the MEF culture media was changed. The purified AAV was thawed on ice and the MEF culture media was aspirated. Viral supernatant with a titer varying from 106–1014 viral genome/mL was added to each well and incubated overnight at 37 °C. The viral supernatant was removed after 48 h, replaced with 2 mL of MEF culture medium, and then incubated at 37 °C until GFP expression, about 5 days after transduction. GFP-expressing MEFs were subcultured and validated. Note that for this vector we found that 1012 viral genomes/mL (equivalent to 1010 transducing units/mL) could efficiently transform primary MEF cells to tumorigenic MEFs (Figure 3A). The transduced cells expressed Cre, Cas9, and GFP (Figure 3B and 3C). To access the tumorigenic potential of the AAV transformed MEF cells, 0.5 x 106 cells (primary/AAV-transduced MEF) were injected into the tongue, lip, and subcutaneously in NOD-SCID mice. Transformed cells formed tumors in these mice, compared with the primary MEF, which did not form tumors (Figure 3D–F). 

[Place Figure 3 here]

In vitro generation of the tumorigenic murine tongue epithelial cell line from primary tongue epithelial cells using the AAV-Cas9 system
After validating the transforming property of the AAV system using the MEF cells, we isolated primary tongue epithelial cells from Cas9 mice and cultured them in vitro. The primary tongue cells were transduced with AAV viral particles (1010 cfu/mL), and after one week cells started to express GFP. The tumorigenic transformation of primary tongue epithelial cells (Figure 4A) was confirmed using immunofluorescence and Western blotting (Figure 4B, 4C). The transformed cells exhibit enhanced KRT 14, E-cadherin, and GFP expression (Figure 4B). The tumorigenic transformation of primary tongue epithelial cells was confirmed by the expression of GFP (i.e., the Cre-dependent expression of Cas9 and GFP) (Figure 4C). The expression of KRT14 and E-cadherin confirms their epithelial cell characteristics. Protein validation confirmed enhanced β-catenin, phospho-ERK, and reduced p53 expression (Figure 4C), indicating the effective downregulation of APC and p53 and the incorporation of mutant KRAS into the tongue cells, thus making them tumorigenic. Genomic analysis by deep sequencing of the DNA isolated from the transformed cells confirmed the effective gene editing and frame-shift of the TP53 and APC genes by the AAV-Cas9 system (Table 2). The tumorigenic property of the AAV-transformed tongue cell line was further assessed by injecting it into the tongue of immunocompetent wild type C57BL/6 mice. The transformed tongue cells, designated as KRAS mutant epithelial cells of the tongue (KRAS Mut EpT), form tumors efficiently in C57BL/6 mice (Figure 4D). KRAS Mut EpT tumors were evaluated by an oral and maxillofacial pathologist by routine hematoxylin and eosin (H&E) staining and by immunohistochemistry. The tumors exhibited a spindle cell morphology with prominent nuclear atypia: pleomorphism, hyperchromatism, giant nuclei, several nucleoli, and a high mitotic rate with atypical mitotic figures. Perivascular invasion and angioinvasion were also noted. These morphological features were accompanied by very limited to nonexistent tumor-associated inflammation. Immunohistochemically, the neoplastic cells were cytoplasmically positive for E-cadherin and KRT 14, both markers of epithelial tissue. KRT 14 is typical of squamous epithelium, supporting the squamous origin of the tumor cells and thus the diagnosis of squamous cell carcinoma (Figure 4E). Hence, this approach provides a versatile methodology for transforming primary cells in vitro with a desired gene alteration. In addition, this methodology facilitates the use of these developed cell lines in vivo in syngeneic mice for better understanding of neoplasia in a real tumor microenvironment milieu. 

				[Place Figure 4 here]

FIGURE AND TABLE LEGENDS: 
Figure 1: Vector map of the AAV transgene plasmid used in this study. This AAV system has an AAV backbone that expresses Cre recombinase and three U6-driven sgRNAs targeting KRAS, p53, and APC. It also contains a KRAS G12D homology-directed repair (HDR) donor.

Figure 2: Design and working of a AAV-Cas9 system in transforming normal cells. (A) Outline of the production and purification of AAV particles from HEK293T after transfecting them with the AAV transgene and packaging plasmids. (B) Viral transduction of primary cells with AAV particles and the mechanism by which Cre-dependent Cas9 expression enables CRISPR editing and the transformation of primary cells to tumorigenic cells. A single AAV vector integrating gRNAs for three different genes with a knockin of the KRAS G12D allele through HDR with a Cre recombinase expression cassette was delivered into Cre-dependent Cas9 mouse primary cells. Cre recombinase activity in the transduced cells leads to excision of the LoxP-Stop-LoxP cassette and induces Cas9 and GFP expression.
 
Figure 3: Validation and in vitro transformation of primary MEF cells using the AAV-Cas9 system. (A) Outline of the in vitro transformation of fibroblasts from embryos collected from Cas9 mice using AAV particles. (B) Representative immunofluorescence image of primary MEF and AAV-transduced MEF cells showing the expression of GFP, Cre, and Cas9. DAPI was used to stain the nucleus. (C) Western blotting showing Cre, Cas9, GFP, and β-actin in embryonic normal fibroblasts and genetically edited fibroblasts. (D) Representative image of a tongue tumor that developed in an NOD-SCID mouse after injecting it with transformed fibroblast cells. (E) Representative image of a lip tumor that formed in an NOD-SCID mouse after injecting it with transformed fibroblast cells. (F) Representative image of a flank tumor that developed in an NOD-SCID mouse after injecting it with transformed fibroblast cells. The arrows indicate a tumor.
 
Figure 4: In vitro transformation of primary tongue epithelial cells using the AAV-Cas9 system. (A) Schematic representation of the in vitro transformation of normal epithelial cells obtained from the tongue of Cas9 mice. (B) Representative immunofluorescence image of AAV-transduced tongue epithelial cells showing the expression of KRT14, E-cadherin, and GFP. (C) Western blot showing Cas9, β-catenin, and phospho-ERK upregulation with p53 protein level downregulation, showing the genetically edited epithelial cells. (D) Representative image of a tumor that developed in the tongue of the immunocompetent mice after injecting them with transformed tongue epithelial cells (KRAS Mut EpT). (E) Representative images of tumor tissue sections for H&E, E-cadherin, and KRT 14 staining at 20x and 40x magnification.

Table 1: Recipes of buffers used in this study.

Table 2: Genome analysis data of Kras Mut EpT cells.

DISCUSSION: 
Several methods have previously been used to transform primary cells in culture with variable degrees of success25–28. Most of these methods use mouse fibroblast cells for transformation14,17–19 or use carcinogens such as 4-nitroquinoline-1-oxide (4-NQO)21,22 for developing murine cell line models. Use of knockout and transgenic mouse models has also greatly enhanced our understanding of the various molecular pathways that govern the development and differentiation of HNC. Use of murine oral epithelial cell lines with a unique genetic pattern would certainly complement these studies, and their subsequent biochemical assays would contribute towards the treatment and diagnosis of HNC. However, only a few reports have described the establishment of mouse oral epithelial cells28–33 and these cell lines are not in widespread use. 

The major limitation of these murine oral epithelial cell lines is that they are not characterized extensively at the molecular level and were found to express uncommon gene patterns. Thus, the limited molecular understanding of these murine cell line models and the lack of an efficient methodology prompted us to harness the unique potential of the AAV-CRISPR genome editing technology in Cas9 knock-in mice for establishing murine cell lines with specific gene alterations. In this study, we introduced and developed an in vitro AAV-Cas9 system for transforming primary murine cells into a tumorigenic state to confirm the genetic alterations that give rise to carcinoma cells. We successfully established murine tongue epithelial cells with specific gene mutations with high efficiency using AAV-mediated CRISPR-induced somatic gene editing by several sgRNA combinations.

This methodology offers a new experimental approach for better understanding the cell-autonomous etiology of HNC. Starting with murine primary tongue epithelial cells, we were able to transform such cells to tumorigenicity by deleting a limited set of genes and introducing a single KRAS mutation. Using this methodology, it is now possible to investigate whether other genes known to be implicated in other carcinomas can produce malignancies that more closely resemble HNC. The morphological characteristics of the tumors from KRAS Mut EpT confirmed squamous cell carcinoma. The histopathological analysis of KRAS Mut EpT tumors in syngeneic mice is associated with and supportive of the aggressive biological behavior of head and neck carcinoma. Thus, it may be possible to link the genotypes of cancer cells to specific clinical and histopathological features of the tumors. 

The main advantages of this methodology are the ability to develop cell lines from primary cells from any organ using specific gene mutations and the use of AAV-Cas9, which makes the system more robust and stable. The endogenous Cas9 system makes it possible to utilize other gene knockouts. The major disadvantage of the current methodology is the time required to isolate and establish the primary culture as well as the high titer of viral particles needed to transduce the primary cells. However, this could be overcome by standardizing the isolation process for each cell type. The problem of requiring a high AAV viral titer for efficient transduction could be alleviated by use of the latest generation of capsid and helper plasmids for viral packaging and a better purification process. 

In the future, a better and more efficient AAV system could be designed and extrapolated in vivo to make organ-specific genetically modified tumor models. In conclusion, establishing the murine cell lines by this approach will serve as a valuable in vitro cell culture-based tool to test several hypotheses in the context of oncology.
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