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[bookmark: kix.dnstqay1kwjl]SUMMARY: 
This study develops a strategy to model tumor progression and tumor microenvironment by fusing genetically engineered tumorigenic cells with human pluripotent stem cell (hPSC)-derived cerebral organoids.

[bookmark: 3znysh7]ABSTRACT:
Brain tumors remain one of the most lethal and clinically challenging cancers, with therapeutic progress hampered by genetic complexity and the lack of robust experimental models. To overcome this limitation, a novel brain tumor model was developed based on human pluripotent stem cell (hPSC)-derived cerebral organoids via a tumor-organoid assembly strategy. To recapitulate tumor progression and microenvironmental interactions, dTomato-labeled tumorigenic cells or pre-formed tumor cell clusters (100 cells/organoid) were fused with wild-type cerebral organoids (9,000 cells/organoid) during the neural induction phase. This assembly mimics the integration of neoplastic cells into developing neural tissue during early pathogenesis. Tumor-organoid assembloids were cultured under established cerebral organoid protocols with orbital shaking at 37 °C. Tumor growth was monitored by longitudinal tracking of dTomato fluorescence, while morphological changes, proliferative activity (Ki-67), and lineage-specific markers (e.g., SOX2, GFAP) were assessed at 12 weeks post-assembly. Collectively, this assembloid platform enables systematic investigation of tumor invasion and microenvironmental crosstalk, offering a versatile and physiologically relevant tool to dissect brain tumor mechanisms and facilitate therapeutic screening.

[bookmark: 2et92p0]INTRODUCTION:
Brain tumors, a type of nervous system cancer, are the most common cancers in children and are among the most deadly cancers in adults1. Despite decades of intensive research, effective therapies remain scarce. Current therapeutic strategies face several challenges: tumor heterogeneity complicates targeted therapies, the blood-brain barrier poses significant obstacles to drug delivery, the complex tumor microenvironment contributes to therapeutic resistance, and the lack of reliable preclinical models poses a significant barrier to advancing therapies. Addressing these challenges demands novel experimental systems that accurately mirror human tumor pathophysiology.

Traditional brain tumor models, such as tumor cell lines, transgenic mouse models, and patient-derived xenografts (PDXs), have advanced brain tumor biology and drug evaluation, but retain major limitations2–14. Cancer cell lines, while efficient and cost-effective for preliminary drug screening, lose tumor heterogeneity during prolonged in vitro culture15. Patient-derived tumor cell lines, particularly in low-grade gliomas such as pilocytic astrocytomas, frequently fail to maintain the genomic, transcriptomic, and epigenetic signatures of their original tumors16,17. Genetically engineered mouse models, though valuable for studying tumor progression in vivo, are not efficient platforms for high-throughput drug testing and often fail to recapitulate human-specific features, such as TERT promoter mutations and chromosomal copy number variations18. PDX models, which preserve in vivo tumor heterogeneity, are still constrained by species-specific discrepancies in the tumor microenvironment19. These limitations highlight the need for complementary models that can better mimic the complexity of human brain tumors and promote the transition of novel therapies to clinical practice.

Recent advances in stem cell engineering have enabled the development of cerebral organoids, which are three-dimensional self-organizing cultures that mimic key aspects of human brain development20, and opened new avenues for brain tumor research. Building on this system, several brain tumor models have been developed, including patient-derived and genetically engineered models. In this study, an assembling-based strategy was introduced to model brain tumors by fusing a small organoid derived from genetically edited tumorigenic cells with a larger organoid from wild-type hESCs. This method achieved a 100% success rate in generating assembloids under our optimized culture conditions, utilizing defined size thresholds (100 cells for tumor organoids and 9,000 cells for recipient organoids) and orbital shaking at 60 rpm to ensure viability and reproducible tumor progression. The tumorigenic potential of this cell line was confirmed through both in vitro and in vivo assays, including the formation of tumors in immunodeficient mice that exhibited positive staining for brain tumor markers such as CD99. This approach allows direct visualization of oncogene-driven hyperproliferation, such as an increase in fluorescently labeled cells. The chimeric model, which includes both tumor cells and normal brain tissues, provides a platform for studying the tumor microenvironment and evaluating therapeutic efficacy and safety.

PROTOCOL:
The reagents and the equipment used are listed in the Table of Materials. The antibodies used are detailed in Table 1.

1. Plasmid construction

1.1. Construction of the AAVS1 targeting plasmid

1.1.1. Construct a donor plasmid targeting the human genome safe harbor AAVS1 locus to generate a human embryonic stem cell line carrying red fluorescence. 

1.1.2. Use the AAVS1-SA-2A-Puro-pA vector as a backbone. Insert a dTomato expression module flanked with insulator 2xCHS4 (2xCHS4-CAG-dTomato-WPRE-SV40pA-2xCHS4) to generate the AAVS1-SA-2A-puro-pA-2xCHS4-CAG-dTomato-WPRE-SV40pA-2xCHS4 plasmid.

1.2. Construction of the endogenous targeting vector

1.2.1. Design the short guide RNA (sgRNA) (primers listed in Table 2) targeting the stop codon region of the human NESTIN locus using online tools CRISPR and CCTop to generate the NESTIN (NES)-P2A-MYC hESC line. 

1.2.2. Clone the sgRNA into the CRISPR-Cas9 vector pSpCas9(BB)-2A-GFP (PX458) (opened with restriction enzyme BpiI) using a previously reported method8. 

1.2.3. Construct the homologous recombination donor by cloning the 5’- and 3’-homology arms from the human NESTIN locus into the pBluescript II SK(+) vector to flank the P2A-MYC-FRT-CAG-eGFP-IRES-NeoR-FRT sequence, generating the pBlue-NES 5’HA-P2A-MYC-FRT-CAG-eGFP-IRES-NeoR-FRT-NES 3’HA plasmid (the map of the plasmid is listed in the Supplementary Figure 1).

2. Culture of human embryonic stem cells

2.1. Feeder-free pluripotent stem cells culture.

2.1.1. Coating with basement membrane matrix

2.1.1.1. Maintain feeder-free (FF) H9 human embryonic stem cells (hESCs) on 6-well plates coated with basement membrane matrix. 

2.1.1.2. Prepare the coating in two steps: (1) Thaw the matrix on ice and dilute in pre-cold DMEM/F12 medium according to the manufacturer’s protocol to a final concentration of 0.5 mg per well in a 6-well plate. (2) Apply diluted matrix (1 mL per well) to 6-well plates and incubate at 4 °C overnight. Store the coated plates at 4 °C for up to 2 weeks.

NOTE: For urgent use, incubate 6-well plates coated with basement membrane matrix at 37 °C for at least 1 h.

2.1.2. Maintenance of hESCs

2.1.2.1. Culture FF hESCs on basement membrane matrix-coated plates with 2 mL of mTeSR1 medium per well (for 6-well plate) in a 5% CO2 incubator at 37 °C. Replace with fresh mTeSR1 medium daily until cells reach 80% confluency (approximately 4–5 days).

2.1.3. Passage of hESCs

2.1.3.1. Remove the medium, add 1 mL of 0.5 mM EDTA solution, and incubate at 37 °C for 4 min. When intracellular boundaries in the cell clones become clearly defined, remove the EDTA solution, resuspend cells with 1 mL of mTeSR1 medium, and gently pipette up and down several times to achieve proper cell clump size (20–50 cells per clump). 

2.1.3.2. Split the cells at a 1:5–1:10 ratio into a new basement membrane matrix-coated well with 2 mL of fresh mTeSR1 medium. Culture the cells in a 5% CO₂ incubator at 37 °C.

NOTE: Extend EDTA treatment by approximately 1–2 min if cells are too dense. Ensure even cell distribution by gently shaking the plate in a cross pattern.

2.1.4. Cryopreservation of hESCs

2.1.4.1. Remove the medium, add 1 mL of 0.5 mM EDTA solution, and incubate at 37 °C for 4 min. 

2.1.4.2. Discard the EDTA solution, resuspend cells with cryopreservation solution, and quickly transfer into cryovials. Transfer vials to a Mr. Frosty container and place at -80 °C. Move vials to liquid N₂ after 24–48 h.

3. Establishment of the fluorescence-labeled tumorigenic hESC line

3.1. Generation of dTomato-expressing hESC line

3.1.1. Prepare the plasmid mixture in 110 µL of nucleofection solution using 1 µg of AAVS1-TALEN-L plasmid vector, 1 µg of AAVS1-TALEN-R plasmid vector, and 3 µg of AAVS1-SA-2A-puro-PA-2xCHS4-CAG-dTomato-WPRE-SV40-2xCHS4 expression vector.

3.1.2. Remove the medium and incubate the cells with 1 mL of 0.5 mM EDTA at 37 °C for 4 min. Remove the EDTA, add 0.5 mL of cell detachment solution (400–600 U/mL), and digest the cells at 37 °C for 4 min. Add an equal volume of mTeSR1 medium to the cells and pipette gently up and down several times to generate a single-cell suspension.

3.1.3. Transfer the single-cell suspension into a 1.5 mL tube, centrifuge at 200 × g for 2 min at 37 °C, and resuspend the cell pellet in 1 mL of Dulbecco's Phosphate-Buffered Saline (DPBS).

3.1.4. Mix 6 µL of the cell suspension thoroughly with 6 µL of trypan blue staining solution, and transfer the mixture into a cell counting chamber for live cell counting.

3.1.5. Transfer 4 × 10⁵ cells into a new 1.5 mL tube, centrifuge at 200 × g for 2 min at 37 °C, and resuspend the cells in 110 µL of nucleofection solution containing the plasmid cocktail prepared in Step 3.1.1.

3.1.6. Place the electroporation cuvette into the nucleofector and run the nucleofection program using the following parameters: voltage 1,050 V, time 30 ms, number of pulses 2. 

3.1.7. Plate the nucleofected cells onto a basement membrane matrix-coated 10-cm dish with 10 mL of mTeSR1 medium supplemented with 10% CloneR, and culture in a 5% CO₂ incubator at 37 °C (designate this as Day 0).

3.1.8. Day 1: Do not change the medium.

3.1.9. Day 2: Replace the medium with fresh mTeSR1 medium containing 10% CloneR and 0.5 µg/mL puromycin.

3.1.10. Day 3: Replace the medium with fresh mTeSR1 medium containing 0.5 µg/mL puromycin. Repeat this step for approximately 3 days.

3.1.11. Pick the surviving clones under a microscope and culture selected clones in a basement membrane matrix-coated 96-well plate with mTeSR1 medium containing 10 µM ROCK inhibitor.

NOTE: Include 10 µM ROCK inhibitor in the medium to improve clone survival.

3.1.12. Cryopreserve the cells, then genotype the clones using the dTomato-specific primers (Table 2).

3.1.13. Select clones with homozygous insertion for further genomic editing.

3.2. Establishment of NES-P2A-MYC tumorigenic hESC line

3.2.1. Prepare the plasmid mixture in 110 µL of nucleofection solution using 1 µg of pSpCas9(BB)-2A-GFP (PX458)-NESTIN-sgRNA and 4 µg of pBlue-NES 5’HA-P2A-MYC-FRT-CAG-eGFP-IRES-NeoR-FRT-NES 3’HA plasmid.

3.2.2. Using the dTomato-labeled hESC line established in Step 3.1, perform endogenous genome editing to target the NESTIN locus.

3.2.3. Prepare cells, perform nucleofection, and conduct clone selection as described in Steps 3.1.2–3.1.12 but using Geneticin (Neomycin, 400 µg/mL) as the selection antibiotic instead of puromycin.

3.2.4. To remove the selection cassette FRT-CAG-eGFP-IRES-NeoR-FRT, repeat the genome editing procedures described in steps 3.1.2-3.1.12 by electroporating pCAG-Flpe:GFP plasmid.

3.2.5. Select the dTomato-labeled NES-P2A-MYC hESC line confirmed by genotyping using primers specific for the 5’- and 3’-homology arms and the MYC insert (Table 2) for further application.

4. Culture of cerebral organoids

4.1. Prepare cells for embryoid body (EB) culture following the procedure for generating a single-cell suspension as described in Steps 3.1.2–3.1.3, but resuspend the final cell pellet in 1 mL of mTeSR1 medium containing 100 μM ROCK inhibitor.

4.2. Mix 6 µL of the cell suspension thoroughly with 6 µL of trypan blue staining solution, and transfer the mixture to a cell counting chamber for counting.

NOTE: A viability exceeding 90% is considered indicative of good preparation and supports successful EB formation and organoid culture.

4.2. Resuspend the cells at a density of 9,000 cells per 150 μL in mTeSR1 medium containing 100 μM ROCK inhibitor. Plate 9,000 cells in 150 μL medium per well into an ultra-low attachment 96-well U-bottom plate. 

4.2.1. Centrifuge the plate at 100 × g for 5 min at room temperature. Culture the cells in a 5% CO₂ incubator at 37 °C (designate this as Day 0, each group of EB requires at least 24 replicates).

4.3. Day 3: Replace the medium with fresh mTesR1 medium without ROCK inhibitor.

4.4. Day 5: Replace the medium with neural induction (NI) medium.

NOTE: The diameter of the EB should be around 500–600 μm. Excessively small EB size suggests significant cell death. It is recommended to optimize cell culture conditions and ensure healthy cell status before repeating the experiment.

4.5. Exchange the NI medium every other day for 6 days. Observe the EBs for brighter and smoother edges, indicating expansion of neuroepithelial cells.

NOTE: Failed neural induction results in small, dark EBs lacking neuroepithelial cells after this culture period.

4.6. Day 11: Embedding in basement membrane matrix. Thaw the basement membrane matrix on ice and keep it on ice for subsequent use. Transfer aggregates individually to Parafilm and remove excess medium. 

4.6.1. Add one droplet of pre-thawed matrix to each aggregate and position aggregates in the center of droplets using a pipette. tip. Place the paraffin film sheet in a 10-cm cell culture dish and incubate at 37 °C for 30 min to allow polymerization. 

4.6.2. Add 20 mL of improved differentiation medium without Vitamin A (IMP-VA) and detach the matrix droplets from the Parafilm by gentle agitation until they dislodge.

NOTE: Thaw the basement membrane matrix by placing it on ice in a 4 °C refrigerator overnight.

4.7. Culture organoids in a 5% CO2 incubator at 37 °C without shaking from Day 11 to Day 21. Exchange 10 mL of the IMP-VA medium once on Day 16.

4.8. Day 21: Exchange the medium with improved neural differentiation medium containing Vitamin A (IMP+VA). Culture the organoids on an orbital shaker in a 5% CO₂ incubator at 37 °C with continuous shaking. Exchange the IMP+VA medium every 4–5 days until analysis.

NOTE: Optimize the orbital shaker speed to avoid organoid damage; excessive speed or insufficient agitation may compromise integrity.

5. Fusion culture of organoids to model brain tumor progression

5.1. Prepare single-cell suspensions from wild-type hESCs, the dTomato-labeled control cell line, and the dTomato-labeled NES-P2A-MYC hESC line as described in Steps 4.1–4.2. Resuspend cells in 1 mL of mTeSR1 medium containing 100 μM ROCK inhibitor.

5.2. For red fluorescent cell lines (dTomato-labeled control and NES-P2A-MYC hESC lines), seed 7,900 cells in 100 μL of mTeSR1 medium containing 100 μM ROCK inhibitor per well of a 96-well microwell plate (79 microwells per well), achieving 100 cells per micro-well to form small EBs. Culture the cells in a 5% CO₂ incubator at 37 °C.

5.3. For wild-type hESCs, plate 9,000 cells in 150 μL of mTeSR1 medium containing 100 μM ROCK inhibitor per well of an ultra-low attachment 96-well U-bottom plate to form normal large-size cerebral organoids. Culture the cells in a 5% CO₂ incubator at 37 °C.

5.4. Day 3: Exchange the medium with fresh mTesR1 medium without ROCK inhibitor.

5.5. Day 5: Gently transfer small EBs from the microwell plate to a 6 cm cell culture dish using a 20–200 μL pipette. Transfer one small EB derived from dTomato-labeled cells (either control or NES-P2A-MYC hESC line) to each large cerebral organoid from wild-type cells in the ultra-low attachment 96-well U-bottom plate. 

5.5.1. Exchange the medium with fresh NI medium. Culture the organoids in a 5% CO₂ incubator at 37 °C to form fused organoids.

5.6. Culture organoids as described in Steps 4.5–4.8.

6. Tracking tumor growth through live cell fluorescence imaging

6.1. Use untreated organoids (normal cerebral organoids without fluorescence labeling) to set the baseline fluorescence. Adjust exposure time and illumination intensity to minimize intrinsic fluorescence.

6.2. Position treated organoids (positive controls) using a 1 mL pipette tip to align the red fluorescence-positive area.

6.3. Capture fluorescence images of the brain organoids using a fluorescence microscope.

6.4. Analyze images using ImageJ/Fiji 1.54f, Java 1.8.0_322 (64-bit) to quantify dTomato intensity and measure dTomato-emitting areas.

6.5. Repeat the entire procedure (Steps 6.1–6.4) every 10 days from day 10 to day 70 post-fusion culture to track the fluorescence signal.

7. Cryosectioning of organoids

7.1. Collect organoids in a centrifuge tube. Wash twice with DPBS, add 4% paraformaldehyde, and fix at 4 °C for approximately 48 h.

7.2. Remove paraformaldehyde and wash organoids with PBS 2–3 times. Gradually dehydrate samples by incubating in 15%, 20%, and 30% sucrose solutions overnight at 4 °C for each concentration.

7.3. After organoids sink to the bottom in 30% sucrose solution, embed them in Optimal Cutting Temperature Compound (OCT) embedding medium and freeze them in a mold on dry ice. Store frozen samples at -80 °C.

7.4. For cryosectioning, pre-cool the cryostat to -20 °C. Carefully remove the embedding block from the mold and secure it on the sample holder.

7.5. Section samples at a thickness of 16 μm.

8. Immunofluorescence staining

8.1. Thawing and antigen retrieval

8.1.1. Thaw cryopreserved organoid sections and air-dry at room temperature for 10–15 min. Prepare antigen retrieval solution (1 mM EDTA, 5 mM Tris, pH 8.0) by heating in a microwave for 5 min until reaching approximately 95 °C. Immerse sections in the heated buffer for 10 min, then cool in the same solution on ice for 20 min.

8.2. Blocking and permeabilization

8.2.1. Use a liquid blocker pen to draw a hydrophobic barrier around the target tissue area. Permeabilize and block sections with 0.25% Triton X-100 and 4% bovine serum albumin (BSA) in PBS in a humidified chamber at room temperature for 1 h.

NOTE: This step prevents nonspecific binding, enhances target-specific staining, and reduces background interference.

8.3. Primary antibody incubation

8.3.1. Discard the blocking solution and incubate sections with appropriately diluted primary antibody (for details, see Table 1) in 0.1% Triton X-100 and 4% BSA in PBS in a humidified chamber at 4 °C overnight.

8.4. Secondary antibody incubation

8.4.1. Transfer sections to a slide chamber and wash 3 × 10 min with PBS with gentle agitation on an orbital shaker. Incubate sections with secondary antibody (Table 1) in 0.1% Triton X-100 and 4% BSA in PBS in a humidified chamber at room temperature for 1–2 h. 

8.4.2. Replace secondary antibody solution with 1 μg/mL DAPI in PBS and incubate at room temperature for 15 min for nuclear staining.

8.5. Mounting

8.5.1. Transfer sections to a slide chamber and wash them with PBS for 3 × 10 min with gentle agitation on an orbital shaker. Apply approximately 100 μL of antifade mounting medium to the stained sections.

NOTE: Carefully cover samples completely with a coverslip, ensuring no air bubbles are present.

8.6. Imaging and analysis

8.6.1. Capture immunofluorescence images of the organoids using a laser scanning confocal microscope. Quantify images from neoplastic cerebral organoids using ImageJ/Fiji software.

REPRESENTATIVE RESULTS:
[bookmark: OLE_LINK1]To model tumor progression and microenvironment using an assembloid organoid model, a dTomato-labeled tumorigenic human embryonic stem cell (hESC) line was generated that specifically overexpresses the oncogene MYC in neural stem cells through a two-step genome-editing process. First, the red fluorescence protein dTomato expression cassette, CAG-dTomato, was inserted into the human genomic safe harbor site, AAVS1, using TALEN genome editing (Figure 1A), allowing for efficient cell tracing. Subsequently, CRISPR/Cas9 technology was utilized to insert the oncogene MYC into the endogenous locus of the neural stem cell marker NESTIN, linking it with a P2A self-cleaving peptide sequence (Figure 1B). This ensures that MYC is co-transcribed and co-translated with NESTIN in neural stem cells (Figure 1C). The AAVS1 locus was selected for dTomato insertion due to its well-established genomic stability and safety. The P2A self-cleaving peptide facilitated the independent function of MYC while being co-expressed with NESTIN. This innovative cell line provides a valuable tool for studying tumor progression and the tumor microenvironment, offering insights into the role of MYC in neural stem cell biology.

To establish fused brain tumor organoid models, small organoids (100 cells/microwell) were generated from either dTomato-labeled control hESCs or dTomato-labeled NESTIN-P2A-MYC hESCs. These small organoids were fused with normal cerebral organoids (generated from 9000 cells/well) starting from day 5 (D5), when the neural induction process begins (Figure 2A,B). The overgrowth of tumorigenic cells and tumor progression were monitored via dTomato fluorescence signal from D10 to D70, and tumor organoids were analyzed via immunofluorescence staining 70 days post-fusion (Figure 3). Compared to the fused organoids derived from dTomato-labeled control organoids and wild-type cerebral organoids, the NES-P2A-MYC tumorigenic organoids exhibited massive growth of dTomato-positive tumor cells along the organoid culture (Figure 3). Immunofluorescence validation of the dTomato-labeled NES-P2A-MYC cell line prior to organoid formation showed strong expression of the brain tumor marker CD99, confirming its tumorigenic phenotype (Figure 4A). To further examine the cell diversity of the tumor tissues in organoids, immunofluorescence staining was performed at D70 using the antibodies listed in Table 1. Antibodies against the stemness marker SOX2 and the cell cycle marker Ki67 were used. In the control group, dTomato-positive cells were rarely co-stained with SOX2 or Ki67 (Figure 4B,C). In contrast, dTomato-positive cells in the NES-P2A-MYC organoid group were largely co-localized with SOX2 or Ki67 (Figure 4B,C). These results indicate that MYC overexpression in neural stem cells sustains stemness and proliferative capacity in the majority of tumor cells.

[bookmark: 1t3h5sf]FIGURE AND TABLE LEGENDS: 

Figure 1: Schematic of the generation of dTomato-labeled tumorigenic hESC cell line via two steps of generic engineering. (A) The dTomato-expression cassette driven by a constitutive promoter was inserted into the AAVS1 locus using the TALEN-mediated genome editing technique. (B) Based on the dTomato-positive hESCs, CRISPR/Cas9 editing replaced the native stop codon of NESTIN with a P2A self-cleaving peptide-linked MYC-encoding sequence, generating the NESTIN (NES)-P2A-MYC cell line. In this cell line, oncogene MYC will be transcribed and translated together with the neural stem cell marker NESTIN encoding gene. (C) Neural stem cells derived from NESTIN (NES)-P2A-MYC will overexpress oncogene MYC.

Figure 2: Generation and timeline of the fused brain tumor organoid model. (A) Schematic illustration of the assembloid generation process. The dTomato-labeled tumorigenic hESC cell line was generated through sequential genome editing. For fused culture, 100 dTomato-labeled NESTIN-P2A-MYC hESCs and 9,000 wild-type hESCs were separately cultured in low-attachment plates to form embryoid bodies. One small organoid cultured from dTomato-labeled NESTIN-P2A-MYC hESCs was transferred to one large organoid derived from wild-type cells on day 5, and co-cultured to form fused organoids. Along with the organoid culture, dTomato-labeled tumorigenic cells were monitored throughout the process, with final samples collected for immunofluorescence analysis. (B) Timeline and key developmental stages. Schematic overview of the cerebral organoid culture protocol showing critical phases from embryoid body formation to mature organoid culture, with representative images illustrating progression at essential culture timepoints. Scale bars: a, 100 µm; b, 200 µm; c-f, 1000 µm.

Figure 3: Tumor progression in fused brain tumor organoid model. Representative immunofluorescence images of cerebral organoids fused with dTomato-labeled control cells or NES-P2A-MYC cells at Day 10, 20, 30, 40, 50, 60, 70 after fusion. Scale bar: 1000 μm.

Figure 4: The NES-P2A-MYC cell line exhibits tumorigenic properties and forms distinct cellular features in organoids. (A) Immunofluorescence validation of the dTomato-labeled NES-P2A-MYC cell line prior to organoid formation, showing strong expression of the brain tumor marker CD99, confirming its tumorigenic phenotype. (B,C) Representative immunofluorescence images of Day 70 organoids from organoids fused with dTomato-labeled control cells or NES-P2A-MYC cells. Antibodies against stemness marker SOX2 (B) and cell cycle marker Ki67 (C) were assessed. Antibodies used are listed in Table 1. Scale bars: 50 μm.

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

Table 2: The primers used in this study.

Supplementary Figure 1: The map of the plasmids used in this study.

[bookmark: 4d34og8]DISCUSSION:
Cerebral organoids are three-dimensional aggregates derived from hPSCs that rely on the self-organization of stem cells to form an architecture resembling that of the developing human brain. These organoids exhibit cell types, cytoarchitectures, and transcriptomic and epigenetic features that closely mimic those of the developing human brains21–23. Over the past decade, they have emerged as powerful tools for studying human brain development and disorders, filling the gap between non-human animal models and two-dimensional human cell cultures24–27. For example, cerebral organoids have been widely utilized to model various brain tumor subtypes28 and hold significant potential for translational research, particularly in advancing personalized regenerative therapies and drug screening29–31. In this study, we developed an in vitro brain tumor model by assembling a small organoid derived from tumorigenic cells with a larger organoid derived from normal stem cells. This approach enabled us to model tumor progression and the interaction between tumor and normal brain tissues.

The proposed brain tumor model offers a complementary platform for studying brain tumor development and personalized drug testing. By integrating a small organoid derived from genetically edited tumorigenic cells with a larger normal cerebral organoid from wild-type hESCs, the gradual progression of brain tumors was successfully replicated. This fusion model incorporates fluorescent labeling through gene editing, enabling real-time monitoring of tumor development and tracing the cellular origins of tumors. Additionally, it provides a system to potentially observe tumor shrinkage in response to drug treatments. When used for therapy screening, this model could not only evaluate the efficacy of drugs on tumor cells but also potentially assess their cytotoxicity on normal brain tissues. Its application for pharmacological testing is supported by a similar organoid-based invasion model, which has been successfully used to identify potential drugs, such as ADAM10 inhibitors, that inhibit tumor cell integration32. Furthermore, the model can be used as a valuable tool for investigating the tumor tropism of oncolytic viruses, a critical aspect in oncology research. Lastly, this model provides a physiologically relevant system to explore mechanisms such as cell adhesion, migration, and metabolic symbiosis, while also elucidating the dynamic interplay between tumors and their microenvironment.

The success rate is high in the current protocol; however, several critical points need to be emphasized. First, during tumor organoid generation, the protocol uses 100 tumorigenic cells per microwell as the optimal initial cell number to ensure robust organoid formation. Using fewer than 100 cells may compromise the structural integrity and formation efficiency of the tumor organoids. Second, successful fusion between tumor organoids and normal cerebral organoids is crucial, as failed fusion prevents subsequent tumor progression and modeling. In addition, the current protocol uses genetically engineered hESC-derived tumorigenic cells; this approach's adaptability extends to the co-culture of patient-derived tumor tissue and normal brain tissue, as reported previously32, making it a promising platform for personalized medicine development.

Despite advantages in facilitating fundamental and clinical research, several limitations remain. One significant drawback is the absence of a vascular network and infiltrating immune cells, which results in a poor simulation of the tumor microenvironment. Furthermore, as cerebral organoids primarily recapitulate early developmental stages (embryonic or early postnatal) of the human brain, the model inherently reflects tumorigenesis within this developmental context. Consequently, it may not fully capture the complexity of adult brain tumors, which arise in a mature, post-myelination environment with distinct cellular composition and signaling landscapes. Advances in organoid culture methods, such as vascularization of brain organoids33,34 and co-culturing of brain organoids with immune cells35–37, can significantly improve the tumor organoid model. Although the fusion culture can mimic the tumor environment to a large extent, it remains unable to reflect the gradual, stepwise accumulation of mutations that occurs in vivo over tumor evolution. 

In conclusion, the protocol described here provides a robust method for investigating tumor progression and the tumor microenvironment. 
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