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SUMMARY 
This article presents a method to model tumorigenesis and progression in human pluripotent stem cell (hPSC)-derived cerebral organoids by introducing oncogene amplification and/or tumor suppressor gene mutations via nucleofection-mediated genetic engineering of neural stem cells within the organoids.

ABSTRACT
Brain tumors rank among the most lethal and treatment-resistant cancers, with clinical management hindered by genetic heterogeneity and the scarcity of reliable laboratory models. To overcome these limitations, we established a tumor model based on human pluripotent stem cell-derived cerebral organoids to recapitulate brain tumor formation and progression. Using nucleofection-mediated genome-editing techniques, we triggered tumorigenesis in cerebral organoids by introducing oncogene amplification and/or tumor-suppressor mutations, which was published previously in Nature Methods (2018). This was achieved via a plasmid cocktail containing a Sleeping Beauty (SB) transposase system for stable genomic integration and CRISPR-Cas9 for targeted editing. A green fluorescent protein (GFP)-expressing element was co-integrated to enable real-time tracking of tumorigenic cells. Cerebral organoids were generated using established protocols, with oncogenic perturbations introduced into neuroepithelial cells post-neural induction, just before Matrigel embedding. Organoids were cultured under orbital shaking at 37 °C, and tumor progression was monitored via GFP fluorescence. Morphological changes, proliferative activity, and cell lineage identities were analyzed at 4 and 16 weeks after tumor induction. This platform offers a physiologically relevant, genetically customizable model to study brain tumor dynamics and advance therapeutic discovery, complementing existing organoid systems in precision oncology research. 

INTRODUCTION
Brain tumors, particularly glioblastoma (GBM), are one of the most lethal and therapeutically intractable malignancies1. Their lethality stems from triple challenges: the blood-brain barrier restricts drug delivery, genetic and cellular heterogeneity and dynamic interactions with tumor microenvironment (TME). These features collectively hinder treatment efficacy and demand innovative models to dissect the internal mechanism of tumor initiation, progression and therapeutic resistance.  

Conventional models, such as human brain cancer cell lines and genetically engineered mouse models, have changed the way we think about the underlying drivers of oncology. Yet, cell lines, cultured in artificial two dimensional (2D) manner, fail to reconstruct the three dimensional (3D) cytoarchitecture, study the interactions between cells and extracellular matrix, and the heterogeneity of patient tumors2,3. Murine models enable brain tumor studies in vivo, but due to the interspecies disparities in the brain, immune regulation system, and heredity, we cannot fully translate the results from mouse brain tumor models to patients’ specimen4. The patient-derived tumor xenograft (PDX) model is created by implanting patients’ tumor specimens or primary tumor cells into immunodeficient mice. It preserves most of the characteristics of the primary tumor and exhibits strong predictability for clinical therapeutic outcomes. However, despite these advantages, PDX models exhibit certain limitations, including time-intensive establishment, low success rates, high costs associated with model generation and maintenance, and an inability to fully recapitulate the tumor's evolutionary processes. Critically, all those models lack the means to model the earliest stages of tumorigenesis, where somatic mutations drive malignant transformation within a normal cellular environment. These limitations emphasize the necessity for human-specific pathophysiologically platforms that narrow the gap between the experimental and clinical.

[bookmark: OLE_LINK8]The brain organoid culture system, a groundbreaking technology first developed in 20085, generates self-organizing 3D cell cultures that closely recapitulate the structure, cell diversity, as well as transcriptomic and epigenetic features of human brain tissues6-12. This culture system provides a novel platform for studying brain tumor biology and developing preclinical and clinical treatments for human brain tumors13. However, many existing brain tumor organoid models, such as patient-derived tumor organoid models and patient tumor-cerebral organoid co-culture models, rely heavily on patient tumor samples but fail to incorporate the tumorigenesis process14-16. Therefore, developing a brain tumor organoid model that mimics the human brain tumorigenesis and malignant progression will significantly advance our understanding of the key biological events during brain tumor onset.

In this study, we present a previously published brain tumor organoid model, named neoplastic cerebral organoid (neoCOR), designed to study human brain tumor initiation and progression17. Introducing oncogenic alterations (e.g., EGFR and EGFRvIII amplification, CDKN2A and CDKN2B mutation) into neural stem cells within developing cerebral organoids enables systematic interrogation of tumorigenic potential across both oncogene activation and tumor suppressor inactivation, individually or in combinatorial configurations. Our system captures the clonal expansion and microenvironmental interactions of incipient tumor cells. This method maintains the original structure of the human brain and allows for accurate monitoring of tumor development, providing an important tool for researching the basic biology of brain tumors and for testing potential drugs in a personalized manner.

PROTOCOL

1. Plasmid constructs and materials

1.1. Construction of Sleeping Beauty Transposase System.

1.1.1. Extract the full-length human cDNA.

1.1.2. In a 0.2 mL PCR tube, combine:  2 μL each of primers EGFR/EGFRvIII-F and EGFR/EGFRvIII-R, 25 μL of 2x KeyPo Master Mix, 1 μL of cDNA template, 20 μL of ddH2O. Mix gently by pipetting. Run PCR with the KeyPo program:  98 °C for 30 s (initial denaturation), 98 °C for 10 s, 55 °C for 30 s, 72 °C for 5 s (34 cycles), total runtime about 1.5 h.  

1.1.3. In a 1.5 mL tube on ice, add: 25 μL of purified pCAG-GS/IR vector plasmid, 3 μL of 10x restriction enzyme buffer, 0.5 μL of Asc I and Age I restriction enzyme, mix gently, and incubate at 37 °C for 90-120 min.  

1.1.4. Prepare 1% agarose gel: Dissolve 0.3 g of agarose powder in 30 mL of TAE buffer by microwave heating (2-3 cycles, 30 s each). Add 5 μL of nucleic acid dye, mix, pour into a gel tray, and solidify for about 45 min. Load digested plasmid, PCR product, and DNA marker into wells. Run electrophoresis at 130 V, 400 mA for 25 min. Visualize bands under UV, cut the 5000-6000 bp band (vector plasmid), and cut the 800 bp band (EGFR/EGFRvIII insert fragment).  

1.1.5. Place the excised gel fragment in a 1.5 mL tube. Add 4x volume of dissolve buffer and incubate at 65 °C until fully dissolved. Transfer the solution to a spin column, centrifuge at 13800 x g for 60 s, and discard flow-through. Wash twice with 200 μL of wash buffer. Air-dry for 5-10 min. Elute DNA with 30 μL of elution buffer and measure concentration using an ultra-micro spectrophotometer.  

1.1.6. Mix in a 0.2 mL PCR tube: Purified insert fragment (EGFR/EGFRvIII) and linearized vector at a 3:1 molar ratio, 1 μL of Gibson assembly enzyme mix, 4 μL of reaction buffer, and adjust to 20 μL with ddH2O. Incubate at 50 °C for 1 h in a PCR cycler.  

1.1.7. Thaw 50 μL of competent cells on ice, add 10 μL of Gibson assembly product to cells, mix gently, and incubate on ice for 30 min. Heat shock at 42 °C for 60 s, then return to ice for 2 min. Spread onto agar plates by using glass beads and incubate at 37 °C overnight.  

1.1.8. Pick colonies, extract plasmids, and validate sequences via Sanger sequencing (outsourced to a biotech company using primer walking to ensure accuracy).  

1.2. Construction of CRISPR/Cas9 vectors.

1.2.1. Design short guide RNAs (sgRNAs) targeting tumor suppressors CDKN2A and CDKN2B using online tools CRISPR and CCTop. 

1.2.2. In a 1.5 mL tube on ice, combine: 26 μL of pre-prepared PX-330 vector plasmid, 3 μL of 10x restriction enzyme buffer, 1 μL of Bbs I restriction enzyme, mix gently, and incubate at 37 °C for 60 min. The electrophoresis and gel purification processes are the same as described above, except that a band of approximately 8500 bp is excised.

1.2.3. In a 0.2 mL PCR tube, mix: 5 μL of both the forward and reverse sgRNA primers (CDKN2A and CDKN2B, at a concentration of 10 μg/μL, using the previous reported method18), linearized vector and sgRNA insert at a 10:1 molar ratio, 1 μL of T4 DNA ligase, 1 μL of ligation buffer, and adjust to 10 μL with ddH2O. Incubate at 16 °C for 30 min in a PCR cycler.  

1.2.4. Thaw 50 μL of competent cells on ice. Add 10 μL of ligation product to cells, mix gently, and incubate on ice for 30 min. Heat shock at 42 °C for 60 s, then return to ice for 2 min. Spread onto LB agar plates using glass beads and incubate at 37 °C overnight.  

1.2.5. Pick colonies, extract plasmids, and verify sgRNA insertion via Sanger sequencing by using sgRNA-specific primers.  

2. Cerebral organoid culture

2.1. Feeder-free pluripotent stem cells culture. 

2.1.1. [bookmark: OLE_LINK3]Maintain human embryonic stem cells and culture according to international standards and ethical guidelines. Culture feeder-free (FF) H9 human embryonic stem cells (hESCs) directly on Matrigel-coated plate. To coat Matrigel on a cell culture plate, thaw Matrigel on ice at 4 °C and dilute it in pre-cooled Dulbecco's Modified Eagle Medium F12 (DMEM/F12) according to the manufacturer's instructions (0.5 mg per 6-well plate). Coat a 6-well cell culture plate with 1 mL of diluted Matrigel per well and incubate it at 4 °C overnight (up to 2 weeks). 

NOTE: For immediate use, the Matrigel-coated 6-well plates can be incubated at 37 °C for 1 h.

2.1.2. Maintain FF H9 hESCs on Matrigel-coated plate with 2 mL of mTeSR1 medium per well in a 5% CO2 incubator at 37 °C. Change fresh medium every day until cells are 80% confluent (usually 4-5 days).

2.1.3. To passage the hESCs, aspirate the culture supernatant and apply 1 mL of 0.5 mM EDTA and incubate the cells at 37 °C for 4 min. Remove EDTA solution and spray cells off plate with fresh mTeSR1 medium, and gently pipette the cells up and down a few times to reach the appropriate size of cell clusters (20-50 cells per cluster). Plate suitable cell clusters (usually split at 1:5-1:10) into a new Matrigel-coated plate containing 2 mL of fresh mTeSR1 medium, and culture the cells in a 5% CO2 incubator at 37 °C, being careful to distribute cells evenly.

NOTE: If cell clones are too dense, extend EDTA incubation time until the intercellular boundaries become clearly defined.

2.2. The generation and culture of cerebral organoids.

2.2.1. Maintain hESCs in mTeSR1 medium until cells are 80% confluent. 

NOTE: Before constructing organoids, it is necessary to passage the newly revived cells 1-2 times to ensure they are in good condition.

2.2.2. Discard the medium and incubate cells with 1 mL of 0.5 mM EDTA solution at 37 °C for 4 min. Remove the EDTA solution, incubate cells with 500 µL of cell detachment solution and incubated at 37 °C for another 4 min. Then apply 500 µL of mTeSR1 culture medium into cells in cell detachment solution, pipette the cells up and down gently to make single cell suspension.

2.2.3. Centrifuge the cells at 200 x g for 2 min at RT. Aspirate the supernatant and resuspend the cells in 1 mL of mTeSR1 culture medium with 10 μM ROCK (Rho-associated protein kinase) inhibitor (RI). 

2.2.4. Count the cells by using trypan blue. Mix 6 µL of cell suspension with 6 µL of trypan blue, count living cell concentration using a cell counter. 

NOTE: Usually, > 90% living cells are regarded as a good preparation. Lower concentration (< 90%) of living cells might result in failure of embryoid body (EB) formation and cerebral organoid culture.

2.2.5. [bookmark: OLE_LINK7]Resuspend the cells in mTeSR1 culture medium with 100 μM RI as 9000 live cells/150 µL. Plate 150 µL in each well of the 96-well ultra-low attachment U-bottom plate, and culture in a 5% CO2 incubator at 37 °C. 

NOTE: To facilitate the formation of cell aggregation, centrifuge the plate at 100 x g for 5 min at RT before culturing in a 5% CO2 incubator at 37 °C.

2.2.6. On Day 3, replace the old mTeSR1 medium containing RI with 150 μL of fresh mTeSR1 medium that does not contain RI. 

2.2.7. [bookmark: OLE_LINK6]On day 5 or 6 (the diameter of the EB is 500-600 μm), replace the mTeSR1 with 150 μL of neural induction (NI) medium for neuroepithelial cell expansion.

2.2.8. Exchange the NI medium every second days with fresh NI medium for 6 days.

NOTE: After 4-5 days in neural induction media, the Embryoid Body (EB) should exhibit increased peripheral brightness with visible neuroepithelium and maintain a smooth, well-defined border, indicating healthy aggregation.

2.2.9. On Day 11 or 12, embed aggregates into Matrigel. Transfer aggregates onto dimpled Parafilm. Remove excess media and resuspend each aggregate in a droplet (approximately 20 μL) of pre-thawed Matrigel. Using a pipette tip, carefully position the aggregate in the center of the droplet. Then, transfer the parafilm sheet containing the droplets to a 10 cm dish and incubate at 37 °C for 30 min to allow for Matrigel polymerization. After polymerization, add the improved differentiation medium without Vitamin A (IMP-VA) and gently agitate the sheet until the Matrigel droplets fall off. 

NOTE: Pre-thaw Matrigel on ice until it becomes liquid.

2.2.10. Culture aggregates in a 5% CO2 incubator at 37 °C without shaking. Change the medium with fresh IMP-VA medium on Day 16.

2.2.11. On Day 21, replace the medium with 10 mL of improved neural differentiation medium with Vitamin A (IMP + VA) for human brain organoid culture, place the dish on an orbital shaker with a speed of 60 rpm in the cell culture incubator, and change the medium every 4-5 days thereafter.

3. Genetic engineering of organoids via nucleofection for gene mutation and amplification

NOTE: Nucleofection of EBs/organoids could be conducted using nucleofector devices from different producers. Please refer to the Table of Materials for the details of the system used in this protocol.

3.1. Mix the plasmid cocktail comprising 1 µg of transposase expression vector pCAG-SB100X, 2 µg of each transposon donor vector, and 2 µg of CRISPR-Cas9 vectors with 200 μL of Dulbecco's phosphate buffered saline (DPBS) without Ca2+ and Mg2+. 

NOTE: For the control group (CTRL), the plasmid cocktail contains pCAG-SB100X, pCAG-GS/IR-eGFP, and pX330 empty vector. For GBM-1 group, the plasmid cocktail includes pCAG-SB100X, pCAG-GS/IR-eGFP, pCAG-GS/IR-EGFR, pCAG-GS/IR-EGFRvIII, pX330-CDKN2A-sgRNA and pX330-CDKN2B-sgRNA. For the MYC group, the plasmid cocktail comprises pCAG-SB100X, pCAG-GS/IR-eGFP, and pCAG-GS/IR-MYC.

3.2. Collect 10-15 aggregates from step 2.2.9 at Day 11-12 (at the end of neural induction, right before Matrigel embedding) into a 1.5 mL Eppendorf tube. Remove the culture medium, and wash aggregates with DPBS. Resuspend aggregates with 200 μL of DPBS with plasmid cocktails and transfer into the rectangular chamber in the Petri dish with the platinum electrode.

NOTE: Use widened pipette tips to transfer aggregates. Gentle operation is required for entire procedure to avoid the damage of EBs. 

3.3. Connect the positive and negative poles to the parallel wire leads protruding from the chamber. 

3.4. Set the appropriate parameters on the generator (2 pulses, 85 V, 50 ms duration, 1 s interval) according instructions for the electroporator.

3.5. Gently add 1 mL of NI medium to the aggregates in the nucleofection chamber to resuspend them. Then, transfer the aggregate suspension into a 6 cm dish containing fresh NI medium. Incubate the dish overnight at 37 °C in a 5% CO2 incubator.

3.6. Embed aggregates into Matrigel and maintain under standardized organoid culture conditions as outlined previously in step 2.2.9. 

3.7. Monitor the expansion of GFP+ cells in cerebral organoids during the culture process (for instance, we can observe whether the area of its green fluorescence changes under an optical microscope, as well as its proliferation status) and collect the tumor organoids for subsequent analyses.

4. Tracking tumor growth by fluorescence imaging of organoid

4.1. Imaging fluorescence protein-labeled organoids was conducted using a microscope.

4.2. For fluorescence intensity zeroing, use an untreated organoid (negative control) to establish baseline settings. This involves optimizing exposure time and illumination intensity to minimize the organoid's intrinsic fluorescence. 

4.3. Place treated organoids (positive controls) and use a 1 mL pipette tip to reposition them for locating green fluorescence-emitting regions post-nucleofection (gently agitate the organoids with a pipette tip until distinct green fluorescence becomes visible under the microscope).

4.4. Image cerebral organoids under a fluorescence microscope

4.5. Analyze the fluorescent images using ImageJ/Fiji software to quantify GFP intensity and measure the size of the area emitting GFP in the organoids.

4.6. Repeat the Step 4.1-4.4 at selected time intervals: 1 day, 1 week, 2 weeks, 1 month, 2 months, and 4 months post-electroporation.

5. Cryosectioning and immunofluorescence

5.1. Cryosection preparation.

5.1.1. Transfer the organoids into a 15 mL centrifuge tube. Remove the remaining medium and wash them with PBS.

5.1.2. Discard the PBS and fix the organoids with 12 mL of 4% paraformaldehyde (PFA) at 4 °C overnight.

5.1.3. Remove the PFA solution and wash organoids with PBS for 2-3 times. Gradient dehydrate the samples with 12 mL of 15%, 20% and 30% sucrose solution at 4 °C overnight. 

NOTE: After overnight treatment, the organoids will gradually sink to the bottom of the liquid.

5.1.4. Gently mix the organoid samples in 1.5 mL of 30% sucrose solution with Optimal Cutting Temperature Compound (OCT) in a 1:1 ratio. Transfer the organoids into OCT using widened pipette tips. Gently turn the organoids back and forth in the OCT, and repeat this step for 2-3 times to fully remove the sucrose from the surface of the organoids.  

5.1.5. Freeze the organoids with OCT in the freezing mold on dry ice. Store the samples in the -80 °C freezer.

NOTE: When extruding OCT, apply even pressure to avoid generating bubbles.

5.1.6. For manual cryosectioning, pre-cool the cryostat to operating temperature (-20 °C). Carefully take out the embedding block from the embedding mold, apply 50 µL of a small amount of OCT to the bottom to cool and adhere the embedding block to the sample holder, then secure the sample holder onto the cryostat.

5.1.7. Trim blocks at 40 μm thickness using the fast-forward/rewind functions to adjust blade distance until full tissue sections are obtained, proceed with formal sectioning at a thickness of 16 μm. 

NOTE: If wrinkles or damage occur, discard the section and recut. Generally, about six sections can be placed on one slide, but do not place the sections too close to the edges to prevent interference with staining.

5.1.8. After completing all sections, air-dry sections at RT for 1 h to enhance adhesion, then store slides in dedicated boxes at -20 °C.

5.2. Immunofluorescence staining

5.2.1. Take out the cryopreserved organoid sections and air-dry at RT for 10-15 min. Place a beaker containing antigen retrieval solution (1 mM EDTA, 5 mM Tris, pH 8.0) in a microwave and heat for 5 min until reaching approximately 95 °C. 

5.2.2. Position the sections on a slide rack and immerse them into the heated buffer for 10 min of thermal treatment, cool down the sections in the antigen retrieval solution on ice for 20 min.

5.2.3. [bookmark: OLE_LINK9][bookmark: OLE_LINK1]Air-dry the sections, and use a liquid blocker pen to draw a hydrophobic barrier around the target tissue area, ensuring localized antibody incubation during subsequent immunostaining steps. Permeabilize and block the sections with 200 µL of 0.25% Triton X-100 and 4% bovine serum albumin (BSA) in PBS in a humidified chamber at RT for 1 h.

NOTE: This blocking step prevents nonspecific binding through serum protein interactions, thereby enhancing target-specific staining while reducing background interference. Maintain section hydration throughout the procedure to prevent drying.

5.2.4. Discard blocking solution from the sections. 

5.2.5. Incubate the sections with appropriately diluted primary antibodies (according to the producers’ instructions) in 200 µL of 0.1% Triton X-100 and 4% BSA in PBS in the humidified chamber at 4 °C overnight.

5.2.6. Transfer sections to a slide chamber and perform 3x 10 min PBS washes with gentle agitation on an orbital shaker. 

5.2.7. Incubate the sections with secondary antibody in 200 µL of 0.1% Triton X-100 and 4% BSA in PBS in the humidified chamber at RT for 1-2 h. Replace the secondary antibody with 1 μg/mL of DAPI in PBS at RT for 15 min for nuclear staining. 

5.2.8. Transfer sections to a slide chamber and perform 3x 10 min PBS washes with gentle agitation on an orbital shaker.

5.2.9. Prepare antifade mounting medium by applying approximately 100 μL to the stained sections. Carefully cover the samples completely by lowering the coverslip from one side without air bubbles. 

5.2.10. Capture immunofluorescence images of the organoids by using a laser scanning confocal microscope. Perform quantification of images from neoplastic cerebral organoids using ImageJ/Fiji software.
[bookmark: _Hlk189556158]
REPRESENTATIVE RESULTS
The development of brain tumors involves various genetic alterations that activate oncogenic pathways and/or inactivate tumor suppressor mechanisms. To model oncogenic processes in human cerebral organoids, we combined two synergistic strategies, SB transposon-driven oncogene overexpression and CRISPR-Cas9-mediated tumor suppressor mutations, to trigger tumorigenesis in cerebral organoids. The SB transposon system was employed to integrate the inverted repeat (IR)-flanked sequences into the genome. Oncogene overexpression was achieved by inserting IR-flanked oncogene-expressing elements into the genome, while an IR-flanked eGFP-expressing element was integrated into the genome to enable tracking of tumorigenic cells. Simultaneously, the CRISPR-Cas9 system was utilized to introduce mutations in tumor suppressor genes. Using nucleofection, we delivered these genetic modifications into neuroepithelial cells within the organoids at the end of the neural induction stage (Figure 1). This approach allows precise, combinatorial manipulation of oncogenic activation and tumor suppressor inactivation within human cerebral organoids. Tumorigenesis was closely monitored during the culture of cerebral organoids, and the resulting tumors were analyzed using immunofluorescence staining four months after nucleofection (Figure 1).

After the neural induction stage in our cerebral organoid culture protocol6, neural stem cells, recognized as the possible cellular origins for various brain tumor subtypes19-22, proliferate and spread on the surface of aggregates. To confirm that nucleofection happened only to neural stem cells, immunofluorescence analysis on cryosectioned EBs was performed one day after nucleofection of pCAG-eGFP plasmid. Results demonstrated that 100% of GFP+ cells were SOX1+, CDH2+ (N-cadherin+), and NES+ neural stem cells (Figure 2B), with no GFP+ cells detected in BRACHYURY+ (BRA+)/FOXF1+ mesodermal lineages or SOX17+/PECAM1+ (CD31+) endodermal populations (Figure 2B). This result confirmed that electroporation selectively targeted neural stem cells.  

In a previous study, we investigated the capacity to drive tumorigenic overgrowth in cerebral organoids through genetic editing. It involved introducing 18 distinct single-gene changes (amplifications) alongside 15 multi-gene alterations reflective of common neuro-oncogenic signatures17. Given the most pronounced phenotypic changes observed in the MYCOE group and the GBM-1 group, which respectively represent two distinct tumor types, Central nervous system primitive neuroectodermal tumors (CNS-PNETs) and GBM, we presented these two brain tumor organoid groups in this study. Compared to the organoids from CTRL, which were nucleofected with eGFP and sgRNA targeting fluorescence protein dTomato, tumor organoids from the MYCOE group and the GBM-1 group (CDKN2Amut/CDKN2Bmut/EGFROE/EGFRvIIIOE) exhibit massive growth of GFP+ tumor cells one month and four months after tumor initiation (Figure 3)17.

To further examine histological features and cell diversity of tumor tissues in organoids, we conducted immunofluorescence staining four months post-electroporation17. Markers included SOX2 (labeling undifferentiated stem cell-like cells), Ki67 (a proliferation marker), CD9923 (specific marker for CNS-PNETs), S100β (identifying glial cells), and HuC/D (marking neurons), were used. In the CTRL group, most GFP+ cells were HuC/D+ neurons, with minimal co-staining for glial cells (S100β), proliferating cells (Ki67), or stem cells (SOX2)17. In addition, very few GFP+ cells in CTRL organoids were co-localized with CNS-PNET marker CD99 (Figure 4)17. In contrast, GFP+ cells in the GBM-1 group predominantly co-localized with glial marker S100β, cell cycle marker Ki67, and stem marker SOX2. Additionally, widespread CD99+ was observed in GFP+ cell regions in GBM-1 organoids, confirming enhanced proliferative capacity and GBM-like features (Figure 4)17. In the MYCOE group, GFP+ cells were largely SOX2+ undifferentiated stem-like cells, with rare S100β+ glial cells and HuC/D+ neurons. Over 50% of cells were Ki67+, and >90% exhibited high CD99 expression, consistent with CNS-PNET characteristics (Figure 4)17.

FIGURE AND TABLE LEGENDS 
Figure 1. Schematic diagram for the generation and analysis of neoCOR. The illustration displays some pivotal steps, including organoid culture procedure, genome-editing strategies introducing oncogenic mutations to organoids by CRISPR-Cas9 and SB transposons, nucleofection of plasmid cocktail into organoids, immunofluorescence analysis of tumor organoids. 

Figure 2. Delivering genome-editing constructs into the neural stem cells within cerebral organoids17. (A) Illustration of the cerebral organoid culture procedure and the nucleofection strategy. (B) Immunofluorescence staining results for the specified markers in EBs 1 day after nucleofection. The lower panel presents high-magnification views of the nucleofected cells. The arrowheads indicate nucleofected cells (GFP, green) that express neural stem cell markers (SOX1, N-CAD, NES); the arrows indicate cells expressing mesodermal (BRA or FOXF1) or endodermal (SOX17 or CD31) markers17 (Figure 1B from Nature Methods, 2018)17. EB: embryoid body; hPSCs: human pluripotent stem cells; VA: Vitamin A; N-CAD: N-CADHERIN; NES: NESTIN; BRA: BRACHYURY. Scale bar: B, upper panel: 200 μm; lower panel: 100 μm.

Figure 3. Introducing mutations in organoids can lead to excessive tumor growth. Representative immunofluorescence images of CTRL organoids, as well as two types of brain tumor organoids at 1 day, 1 month, and 4 months after nucleofection. Notably, compared with the CTRL group, organoids from the two tumor groups, MYCOE group and GBM-1 group (CDKN2Amut/CDKN2Bmut/EGFROE/EGFRvIIIOE) showed marked overgrowth 1 month and 4 months after tumor initiation. These experiments have been repeated for more than 20 times independently. CTRL: control group; MYCOE: MYC overexpression group; GBM: glioblastoma group; Scale bar: 1 day: 200 μm; 1 month: 1000 μm; 4 months: 1000 μm. 

Figure 4. Immunofluorescence images reveal that MYCOE and GBM-1 neoCORs exhibit distinct cellular features. (A) Representative immunofluorescence images of 4-month-old organoids from the CTRL, MYCOE, and GBM-1 groups are presented. The staining experiments were conducted using at least four organoids from three independent experiments. (B-F) Quantitative analyses of the cell type-specific markers from panel A were adapted from Figure 3 in a previously published Nature Methods (2018)17.  Quantification of the percentage of (B) SOX2+GFP+/GFP+, (C) Ki67+GFP+/GFP+, and (D) HuC/D+GFP+/GFP+ cells, and of the intensity of (E) S100β and (F) CD99 in different samples. The quantitative data were derived from at least four organoids/group from three independent experiments. Statistical analysis was performed using one-way ANOVA followed by Dunnett’s test. Data are presented as mean ± SD (Figure 3D-I from Nature Methods, 2018)17. DAPI: Blue fluorescence marker; GFP: green fluorescence marker; SOX2: precursor marker; Ki67: cell cycle marker; HuC/D: neuronal marker; S100β: glial marker; CD99: CNS-PNET marker; *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bar: 100 μm.

Table 1: The primary and secondary antibodies for immunofluorescence staining.

Table 2: The primers for the SB transposase system and CRISPR-Cas9 system cloning.

Table 3: The components of organoid culture medium.

DISCUSSION
Cerebral organoids serve as a powerful tool for studying human brain development and disorders, bridging the gap between non-human animal models and human 2D cell cultures. In the past decade, cerebral organoids have been widely used to model different subtypes of brain tumors, and to investigate their initiation, progression, and treatment17,24-30. In this study, we reported an in vitro model system, named neoCORs, to recapitulate the initiation and progression of two subtypes of human brain tumors, including GBM and CNS-PNET, by nucleofection to deliver oncogenic factors by the transposon system and/or the CRISPR-Cas9 genome editing system that have been previously verified both in organoid models derived from human wildtype iPSC28 and animal models31,32. By overexpressing oncogenic MYC  in the neuroepithelial cells of the organoids, we established a brain tumor model, named neoCORs, that mimics human CNS-PNETs in terms of their histomorphological and cellular characteristics33,34. By overexpressing EGFR and EGFRvIII, combined with tumor suppressors CDKN2A and CDKN2B mutations, we also successfully model the GBM in cerebral organoids. In addition, these tumor organoids were able to be expanded when they were implanted into the renal subcapsular space of immunodeficient mice in our previous study (Nature Methods, 2018), successfully modeling the growth of brain tumor organoids in a xenograft model17. 

Compared to other 3D brain tumor model systems (e.g., brain tumorspheres24,35,36 and patient-derived tumor organoids6-12), this model provided a complementary platform to study brain tumor biology. For instance, the neoCOR model provides an opportunity to study the early stages of tumor formation, allowing researchers to understand how mutations in specific genes or gene combinations initiate tumor formation. Building on this, neoCORs can be tagged with fluorescent labels, allowing real-time tracking of the dynamic change of the tumor. The system enables comprehensive testing of various genetic mutation combinations, allowing us to identify multiple genetic factors driving tumorigenesis. By introducing specific oncogenic variants, this approach is highly effective for screening tumor-targeted drugs37 and evaluating their therapeutic effects. Furthermore, the tumor organoid models incorporate both tumor cells and adjacent normal brain tissues, providing a unique platform to study the interactions between tumor cells and normal cells. These models offer a physiologically relevant system to investigate mechanisms such as cell adhesion, migration, and metabolic symbiosis, which are critical for understanding the dynamic interplay between tumors and their microenvironment. Additionally, since the model includes both tumor and normal tissues, it allows for a comprehensive assessment of a drug's impact on tumor cells while simultaneously monitoring its cytotoxicity to normal cells. This dual capability is invaluable for promptly optimizing therapeutic agents. Moreover, in the context of tumor treatment, this system is particularly useful for detecting the tumor tropism of oncolytic viruses, enabling researchers to refine this innovative treatment method and expand the application of the brain tumor model in oncology research.

The neoCOR system, while valuable for its ability to simulate the early stages of tumor formation, also has several limitations. One significant drawback is its poor replication of advanced tumor features, such as necrosis. Additionally, the system introduces multiple mutations simultaneously, which does not adequately reflect the gradual, stepwise accumulation of mutations that occurs in vivo over tumor progression, and also cannot fully recapitulate the cellular heterogeneity of the in vivo tumors. Another limitation stems from the system's reliance on traditional human brain organoid culture protocols, which result in the absence of a vascular network and infiltrating immune cells, such as microglia and T cells. These components are crucial for accurately mimicking the tumor microenvironment. Furthermore, during electroporation, precise control over the number of nucleofected cells or those carrying the expected gene variants within the organoids is challenging. This variability can lead to inconsistencies among tumor organoids within the same group, potentially affecting the reliability of drug screening results. In addition, using the current protocol, the organoids do not have fine in vivo-like six-layer cortical lamination. In addition, the brain organoids cultured for a long time in vitro will slowly lose the in vivo-like structure. And when we choose the representative images to present in our figures, we have to choose the GFP+ regions, which located in very few regions in organoids. All those reasons limit us to present an image with good organization in control organoids. Despite these limitations, advancements in brain organoid culture techniques, such as co-culturing immune cells with organoids and developing vascularized models, offer promising avenues for future improvements. We believe that integrating these innovations could enhance the neoCOR model's fidelity and utility in tumor research.

Taken together, neoCOR protocol presented here not only provides a powerful tool to study tumor initiation and progression, but also a valuable platform for therapeutical investigations such as screening or testing targeted therapy and oncolytic viruses.
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