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SUMMARY:
This protocol describes the differentiation of human pluripotent stem cells (hPSCs) into human midbrain dopamine (mDA) neurons, together with methods for characterizing mDA progenitors and mature mDA neurons and for assessing their potential applications.

ABSTRACT:
Human pluripotent stem cell (hPSC)-derived midbrain dopamine (mDA) neurons have become an important and scalable cell source for Parkinson’s disease (PD) modeling, drug discovery, and cell replacement therapy. Reliable generation of mDA neurons from hPSCs require precise control and quality assessment of floor plate induction, neurogenic conversion, and neuronal maturation throughout differentiation. The WNT-Boost strategy improves midbrain patterning through biphasic WNT activation and is currently being evaluated in clinical studies. The WNT-Boost+ approach further modifies the WNT-Boost protocol during neurogenic conversion to improve the yield and subtype identity of mDA neurons. Here, we describe a detailed WNT-Boost+ differentiation protocol for generating and validating hPSC-derived mDA neurons. The protocol incorporates high-density single-cell seeding, dual-SMAD inhibition, Sonic Hedgehog (SHH)-mediated ventral floor plate induction, stage-specific WNT modulation, optimized neurogenic conversion, sequential replating, and neuronal maturation under defined culture conditions. Critical stage-specific quality controls include mRNA gene expression analysis, immunocytochemical characterization, and post-thaw recovery assessment. The successfully differentiated cultures showed greater than 80% FOXA2+ expression on Day 16 and greater than 40% FOXA2+TH+ expression on Day 40, and cryopreserved Day 16 progenitors retained more than 80% viability and FOXA2 expression after thawing. This stepwise workflow enables robust and reproducible generation of mDA neurons and provides a practical framework for PD modeling-based mechanistic studies and translational applications.

INTRODUCTION:
Parkinson’s disease (PD) is characterized by the progressive degeneration of selective neurons, midbrain dopamine (mDA) neurons in the substantia nigra pars compacta1. Currently, meaningful conventional therapy to rescue PD has not been developed. Human pluripotent stem cell (hPSC)-based approaches provide multiple applications in PD research and therapeutic development1–4. Recent clinical studies have supported the translational relevance of hPSC-derived mDA progenitors for cell replacement therapy in PD patients5–8. Despite remarkable progress in hPSC-based cell therapy for PD, surviving grafts exhibit heterogeneous neuronal populations and non-neuronal lineages9,10. These challenges underscore the need for further optimized differentiation protocols to improve potent mDA neuron yield.

hPSC-derived mDA neuron differentiation is guided by ventral midbrain floor plate patterning11,12. Previous work indicates that additional exposure to fibroblast growth factor 8b (FGF8b) may contribute to the generation of off-target lineages, such as VLMC-like cell types13,14. The WNT-Boost strategy was developed to derive mDA neuron lineage via biphasic WNT activation with CHIR99021, a glycogen synthase kinase 3β (GSK3β) inhibitor, without exogenous FGF8b treatment in a clinically applicable condition15. This approach reduced off-target lineage and supported the generation of cryo-preservable mDA neuron precursors. The WNT-Boost protocol has advanced from bench to bedside and is currently being tested in clinical trials for cell replacement therapy in PD patients5,16.

Building on the WNT-Boost strategy, WNT-Boost+ was developed to further enhance potent mDA neuron yield, including A9-like mDA neuron subtype, and increase dopamine release10. WNT-Boost+ was shown to enhance the expression of midbrain identity marker engrailed 1 (EN1), mDA maturation markers paired-like homeodomain 3 (PITX3) and dopamine transporter gene (DAT1), and A9-related mDA neuron marker aldehyde dehydrogenase 1 family member A1 (ALDH1A1). The present protocol focuses on the practical implementation of this differentiation strategy and provides a detailed workflow for the reproducible generation of mDA neurons10,17.

The overall goal of this protocol is to provide a stepwise, visually guided workflow for differentiating hPSCs into mDA neurons using the WNT-Boost+ differentiation strategy established in our previous study10. The protocol highlights critical experimental parameters that affect differentiation efficiency and reproducibility, including high-density single-cell seeding, stage-specific small-molecule treatment, morphology-based neuronal transitions, post-thaw recovery, and quality-control assessment. This protocol is best suited for laboratories with routine hPSC culture capability, fluorescence imaging and qRT-PCR equipment. The workflow requires at least 40 days to derive mDA neurons and can be extended up to Day 90, depending on the study for mDA neuron maturation and aging. 

Quality-control parameters throughout mDA differentiation and post-thawing include qRT-PCR, immunocytochemistry, and morphological assessments of cell recovery after replating and neuronal conversion. Taken together, these procedures offer a practical and reproducible workflow for deriving mDA neurons from hPSCs for applications such as disease modeling and cell-replacement therapy for PD3,4,10,15. 

PROTOCOL:
All experiments using hPSCs were performed in accordance with institutional guidelines and approved by the Institutional Review Board of Daegu Gyeongbuk Institute of Science and Technology (approval no. DGISTIRB-202511-004). Maintain hPSCs under feeder-free conditions and confirm that they are free of mycoplasma contamination before initiating differentiation. Perform all procedures using sterile techniques in a biosafety cabinet. Unless otherwise stated, incubate the cells at 37 °C in a humidified incubator with 5% CO₂. The details of all the reagents, equipment, software, and antibodies used are listed in the Table of Materials. 

1. Cell setup and basement membrane matrix coating

1.1. Replace the medium of undifferentiated hPSCs with fresh stem cell culture medium.

1.2. Dilute a 1:30 mixture of basement membrane matrix with cold DMEM/F12 immediately before coating.

1.3. Coat each well of a 24-well plate with 400 µL of the diluted basement membrane matrix (approximately 200 µL/cm²) and incubate for at least 4 h at room temperature.

1.4. Initiate differentiation when the undifferentiated hPSCs reach 60–80% confluency. Aspirate the coating solution immediately before cell plating and seed the cells without delay. 

NOTE: Use the coated plate immediately for cell plating after aspirating the basement membrane matrix.

2. Day 0: hPSCs plating and induction

2.1. Prepare NB/N2/B27 basal medium by supplementing Neurobasal medium with N2 supplement, B27 supplement without vitamin A, and 2 mM L-glutamine. 

2.2. Prepare the initial patterning medium by supplementing NB/N2/B27 basal medium with 250 nM LDN193189, 10 µM SB431542, 500 ng/mL SHH, and 1 µM CHIR99021. On Day 0 only, add 10 µM Y-27632 to the initial patterning medium. 

2.3. Aspirate the medium from the hPSCs and add 1 mL of cell dissociation reagent to cover the cells in each well of a 6-well plate.

NOTE: Maintain the starting hPSC culture in 6-well plates, as mDA neuron differentiation requires a relatively high cell density. One well of a 6-well plate at approximately 80% confluency can typically be used to plate two wells of a 24-well plate for subsequent differentiation.

2.4. Incubate the cells at 37 °C for 20–30 min.

2.5. Triturate the cells 5–10 times using a 10 mL serological pipette until no visible clumps remain.

2.6. Transfer the cell suspension to a 50 mL conical tube.

2.7. Centrifuge the cells at 200 x g for 5 min at room temperature.

2.8. Aspirate the supernatant and gently resuspend the pellet in 1 mL plain Neurobasal medium.

2.9. Centrifuge the cells again at 200 x g for 5 min at room temperature.

2.10. Aspirate the supernatant and resuspend the cells in 1 mL Day 0 induction medium.

2.11. Stain an aliquot of the suspension with trypan blue and count viable cells using an automated cell counter (see Table of Materials). Resuspend the cells in the volume of Day 0 induction medium required to seed 400,000 viable cells per cm² of culture surface, corresponding to 800,000 viable cells per well of a 24-well plate (2 cm²/well). 

CAUTION: Trypan blue is a suspected carcinogen; handle it with appropriate personal protective equipment.

2.12. Aspirate the coating solution from the coated wells and plate 1 mL of the cell suspension into each well of a 24-well plate.

2.13. Gently rock the plates to evenly distribute the cells.

2.14. Transfer the plate to a humidified incubator maintained at 37 °C with 5% CO₂ and incubate overnight.

3. Days 1–10: mDA fate induction (24-well plate format; 2 cm² per well)

NOTE: On Day 1, cultures are approximately 100% confluent.

3.1. On Day 1, aspirate the medium and add 2 mL of initial patterning medium to each well of the 24-well plate (1 mL/cm²), consisting of NB/N2/B27 medium containing 250 nM LDN193189, 10 µM SB431542, 500 ng/mL SHH, and 1 µM CHIR99021.

3.2. On Day 2, do not change the medium.

3.3. On Day 3, aspirate the medium and add 1 mL of initial patterning medium to each well (500 µL/cm²).

3.4. On Day 4, aspirate the medium and add 2 mL of CHIR99021-boost patterning medium (initial patterning medium with CHIR99021 increased to 6 µM) to each well (1 mL/cm²).

3.5. On Day 5, do not change the medium.

3.6. On Day 6, aspirate the medium and add 1 mL of CHIR99021-boost patterning medium to each well (500 µL/cm²).

3.7. On Day 7, aspirate the medium and add 2 mL of CHIR99021-only patterning medium (containing 6 µM CHIR99021 without SHH, LDN193189, and SB431542) to each well (1 mL/cm²).

NOTE: LDN193189, SB431542, and SHH are withdrawn from Day 7 onward. At this step, only CHIR99021 is added to the patterning medium.

3.8. On Day 8, do not change the medium.

3.9. On Day 9, aspirate the medium and add 1 mL of CHIR99021-only patterning medium to each well (500 µL/cm²).

3.10. On Day 9, coat each well of a 24-well plate with 500 µL/cm² of 15 µg/mL poly-L-ornithine in DPBS and incubate overnight at 37 °C in a humidified 5% CO₂ incubator.

3.11. On Days 10–11, prepare mDA neuron induction medium by supplementing NB/B27 basal medium with 20 ng/mL BDNF, 200 µM ascorbic acid, 20 ng/mL GDNF, 200 µM dibutyryl cyclic AMP, 1 ng/mL TGFβ3, and 3 µM CHIR99021.

3.12. On Day 10, aspirate the medium and add 1 mL of mDA neuron induction medium to each well (500 µL/cm²).

3.13. Prepare fibronectin/laminin-coated plates by washing the poly-L-ornithine-coated wells three times with 500 µL/cm² DPBS, followed by the addition of 500 µL/cm² of coating solution containing 2 µg/mL fibronectin and 2 µg/mL laminin in DPBS to each well of a 24-well plate. Incubate overnight at 37 °C in a humidified 5% CO₂ incubator. 

NOTE: Aspirate the coating solution immediately before cell plating and plate the cells immediately after aspiration. Assess floor-plate patterning at Day 11 (see step 9.1). Confirm expression of FOXA2, LMX1A, OTX2, and EN1.

4. Day 11: Passage of differentiated cells

4.1. On Day 11, aspirate the medium from differentiating cells, wash with DPBS, and add 500 µL of single-cell dissociation solution to each well of a 24-well plate.

4.2. Incubate the cells at 37 °C for 30–40 min.

4.3. Place a sterile 40 µm cell strainer on a labeled 50 mL conical tube.

4.4. Gently triturate the cells 5–10 times using a 10 mL serological pipette to obtain a uniform cell suspension and pass the suspension through the 40 µm cell strainer.

4.5. Rinse each original well with 500 µL of pre-warmed plain Neurobasal medium and pass the rinse through the same cell strainer.

4.6. Centrifuge the cell suspension at 200 x g for 5 min at room temperature.

4.7. Aspirate the supernatant and gently resuspend the pellet in 1 mL plain Neurobasal medium.

4.8. Centrifuge the cells at 200 x g for 5 min at room temperature.

4.9. Aspirate the supernatant and resuspend the pellet in 1 mL mDA neuron induction medium.

4.10. Count viable cells and reserve an aliquot for quality-control assays such as immunocytochemistry (ICC) and qRT-PCR, if required.

NOTE: Proceed to cryopreservation or grafting only when Day 11 progenitors show greater than 80% viability and greater than 80% FOXA2-positive cells per DAPI-positive cells. Assess FOXA2 expression at Day 11 by immunocytochemistry as described in step 9.3. 

4.11. Adjust the cell suspension to a seeding density of 800,000 viable cells/cm², corresponding to 1,600,000 viable cells per well of a 24-well plate (2 cm²/well), in 1 mL of mDA neuron induction medium (500 µL/cm²).

4.12. After cell counting and immediately before seeding, aspirate the fibronectin/laminin coating solution and plate 1 mL of the cell suspension into each well of a 24-well plate.

4.13. Gently swirl the plate to ensure even cell distribution and incubate overnight at 37 °C in a humidified 5% CO₂ incubator.

5. Days 12–15: IWP-2/FGF18 transition treatment

5.1. Prepare IWP-2/FGF18 transition medium by supplementing NB/B27 basal medium with 20 ng/mL BDNF, 200 µM ascorbic acid, 20 ng/mL GDNF, 200 µM dibutyryl cyclic AMP, 1 ng/mL TGFβ3, 1 µM IWP2, and 100 ng/mL FGF18.

NOTE: CHIR99021 is no longer added from Day 12 onward.

5.2. On Days 12–15, aspirate the medium and add 1 mL of fresh IWP2/FGF18 transition medium to each well every day (500 µL/cm²).

5.3. On Day 14, prepare poly-L-ornithine-coated plates (see step 3.10).

5.4. On Day 15, prepare fibronectin/laminin-coated plates (see step 3.13).

6. Day 16: Harvest, optional cryopreservation, and re-plating with DAPT

6.1. On Day 16, aspirate the medium from the cultures and wash the cells with 1 mL DPBS.

6.2. Add 500 µL of single-cell dissociation solution to each well of a 24-well plate and incubate the cells at 37 °C for 30–40 min.

6.3. Triturate the cells 5–10 times using a 10 mL serological pipette until visible clusters are no longer present.

6.4. Pass the cell suspension through a 40 µm cell strainer into a 50 mL conical tube.

6.5. Rinse each well with 500 µL of plain Neurobasal medium and pass the rinse through the same cell strainer.

6.6. Centrifuge the cells at 200 x g for 5 min at room temperature.

6.7. Aspirate the supernatant and gently resuspend the pellet in 1 mL plain Neurobasal medium.

6.8. Centrifuge the cells at 200 x g for 5 min at room temperature.

6.9. Aspirate the supernatant and resuspend the pellet in 1 mL of DAPT-containing mDA neuron maturation medium (prepared as described in step 6.14).

6.10. Count viable cells and reserve an aliquot for quality-control assays such as ICC and qRT-PCR, if required.

NOTE: Proceed to cryopreservation or grafting only when Day 16 progenitors show greater than 80% viability and greater than 80% FOXA2-positive cells per DAPI-positive cells. Assess FOXA2 expression at Day 16 by immunocytochemistry as described in step 9.3.

6.11. For cryopreservation, centrifuge the remaining cells at 200 × g for 5 min at room temperature.

6.12. Aspirate the supernatant and resuspend the cells at 8–10 × 10⁶ cells in 1 mL serum-type cryopreservation medium (see Table of Materials). Dispense 1 mL of the cell suspension into each cryovial.

6.13. Place the cryovials in a controlled-rate freezing container (see Table of Materials) and transfer the container to a -80 °C freezer overnight to achieve a cooling rate of approximately -1 °C/min. Transfer the frozen cryovials to vapor-phase liquid nitrogen for long-term storage.  

NOTE: The cryopreserved progenitors were validated for storage for up to 1 year in this study and may be stored for several years.

6.14. For continued culture, prepare DAPT-containing mDA neuron maturation medium by supplementing NB/B27 basal medium with 20 ng/mL BDNF, 200 µM ascorbic acid, 20 ng/mL GDNF, 200 µM dibutyryl cyclic AMP, 1 ng/mL TGFβ3, and 10 µM DAPT.

6.15. Adjust the cell suspension to a seeding density of 800,000 viable cells/cm², corresponding to 1,600,000 viable cells per well of a 24-well plate (2 cm²/well) in 1 mL of DAPT-containing mDA neuron maturation medium.

6.16. After cell counting and immediately before seeding, aspirate the fibronectin/laminin coating solution and plate 1 mL of the cell suspension into each well of a 24-well plate.

NOTE: The coating solution should be completely aspirated while keeping the coated surface moist, and the cells should be plated immediately thereafter.

6.17. Transfer the plate to a 37 °C, 5% CO₂ incubator and incubate overnight.

7. Day 17 onward: Maturation, low-density replating, and endpoint harvest

7.1. From Day 17 to Day 25, aspirate the medium daily and add 1 mL of fresh DAPT-containing mDA neuron maturation medium to each well of a 24-well plate.

7.2. On Day 23, prepare poly-L-ornithine-coated plates for the Day 25 low-density replating (see step 3.10).

7.3. On Day 24, wash the poly-L-ornithine-coated plates three times with 500 µL/cm² DPBS and add fibronectin/laminin coating solution (see step 3.13).

7.4. On Day 25, aspirate the medium from the cultures, wash the cells with DPBS, and add 500 µL of single-cell dissociation solution to each well of a 24-well plate.

7.5. Incubate the cells at 37 °C for 30–40 min.

7.6. Triturate the cells 5–10 times using a 10 mL serological pipette to break up clusters.

7.7. Pass the cell suspension through a 40 µm cell strainer.

7.8. Rinse each well with 1 mL of plain Neurobasal medium and pass the rinse through the same cell strainer.

7.9. Centrifuge the filtered cell suspension at 200 × g for 5 min at room temperature.

7.10. Aspirate the supernatant and resuspend the cells in 1 mL DAPT-containing mDA neuron maturation medium.

7.11. Count viable cells and reserve an aliquot for quality-control assays, if required.

7.12. Adjust the cell suspension to a seeding density of 200,000–300,000 viable cells/cm², corresponding to 400,000–600,000 viable cells per well of a 24-well plate (2 cm²/well).

7.13. Add 1 mL of cell suspension to each fibronectin/laminin-coated well of a 24-well plate and gently rock the plate to distribute cells evenly.

7.14. Transfer the plate to a 37 °C, 5% CO₂ incubator and incubate overnight.

7.15. From Day 26 onward, replace the medium with 1 mL of fresh DAPT-containing mDA neuron maturation medium (500 µL/cm²) every 3 days until the planned endpoint assay.

7.16. Maintain mDA neuron cultures until Day 40–90, depending on the downstream assay.

NOTE: Assess mDA neuron differentiation by the presence of mature mDA neuron markers; expect greater than 40% FOXA2+TH+ cells. Maintain mDA neuron cultures for up to 90 days, depending on the study, including mDA neuron differentiation, maturation, and aging. 

8. mDA neuron cell thawing

8.1. Pre-warm plain Neurobasal medium to 37 °C and prepare a poly-L-ornithine/fibronectin/laminin-coated 24-well plate containing 1 mL of DAPT-containing mDA neuron maturation medium per well.

8.2. Thaw one cryovial in a 37 °C water bath.

8.3. Transfer the thawed cells into 9 mL of pre-warmed plain Neurobasal medium.

8.4. Centrifuge at 200 x g for 5 min at room temperature and remove the supernatant.

8.5. Aspirate the supernatant and gently resuspend the cell pellet in DAPT-containing mDA neuron maturation medium.

8.6. Stain an aliquot of the cell suspension with trypan blue and measure the number and viability of the cells using an automated cell counter (see Table of Materials). 

CAUTION: Trypan blue is a suspected carcinogen; handle it with appropriate personal protective equipment.

8.7. Adjust the cell suspension to a seeding density of 800,000 viable cells/cm², corresponding to 1,600,000 viable cells per well of a 24-well plate (2 cm²/well), and plate the cells in 1 mL of DAPT-containing mDA neuron maturation medium per well.

8.8. Incubate at 37 °C with 5% CO₂.

9. Quality control and characterization

9.1. Assess floor-plate and midbrain patterning at Day 11 and Day 16 by immunocytochemistry and qRT-PCR using FOXA2, LMX1A, OTX2, and EN1. The desired progenitor population is defined by FOXA2⁺, LMX1A⁺, OTX2⁺, and EN1⁺ expression. For qRT-PCR normalization, calculate relative gene expression using the comparative Ct (2-ΔΔCt) method, normalizing the Ct value of each target gene to GAPDH as the endogenous reference gene, and using the mean Day 16 value as the calibrator.

NOTE: Compared with the WNT-Boost protocol, the WNT-Boost+ condition is expected to show approximately 10-fold higher EN1 expression at Day 1610.

9.2. Assess mDA neuron identity and subtype maturation at later stages (e.g., Day 40) using TH, NURR1 (NR4A2), PITX3, and the dopamine transporter (DAT/SLC6A3), together with the A9 subtype marker ALDH1A1.

NOTE: WNT-Boost+ cultures are expected to show increased EN1, PITX3, ALDH1A1, and DAT relative to WNT-Boost, supporting enrichment of mDA neuron maturation, including A9-type mDA neurons10.

9.3. Immunocytochemistry

9.3.1. Fix cells cultured in 24-well plates with 500 µL of 4% paraformaldehyde for 15 min at room temperature. CAUTION: Paraformaldehyde is toxic and a suspected carcinogen; handle it in a chemical fume hood with appropriate personal protective equipment. 

9.3.2. Wash twice with PBS, permeabilize with 500 µL of 0.5% Triton X-100 for 30 min, and block for 1 h in PBS containing 2% BSA and 0.25% Triton X-100. CAUTION: Triton X-100 may cause skin and eye irritation; handle it with appropriate personal protective equipment.  

9.3.3. Dilute the primary antibodies to the marker-specific concentrations listed in the Table of Materials and incubate overnight at 4 °C. 

9.3.4. After three times PBS washes, apply fluorophore-conjugated secondary antibodies for 1 h at room temperature, protected from light. 

9.3.5. Wash the cells three times with DPBS, stain with 1 µg/mL DAPI for 5 min and wash twice before imaging. Include secondary-antibody-only and single-color controls where applicable. 

CAUTION: DAPI is a DNA-binding agent and a potential mutagen; handle it with appropriate personal protective equipment. 

9.3.6. Acquire at least nine nonoverlapping fields per well using identical microscope settings. Analyze DAPI-positive nuclei and marker-positive cells from the original images using image-analysis software (see Table of Materials), determining fluorescence thresholds from negative-control images and applying them consistently across all samples. 

9.3.7. Calculate marker positivity as the percentage of marker-positive cells among total DAPI-positive nuclei. Analyze at least 1,000 nuclei per condition and biological replicate, and average technical fields and wells from the same differentiation batch before statistical analysis.

9.4. qRT-PCR

9.4.1. For each biological sample, dissociate matched 24-well cultures from an independent differentiation batch with 500 µL of single-cell dissociation solution per well for 30–40 min at 37 °C and pool them. After viable-cell counting, centrifuge 1.6 × 106 cells at 300 x g for 5 min at 4 °C and lyse the pellet in 1 mL of phenol–guanidinium thiocyanate-based RNA extraction reagent. 

CAUTION: Phenol–guanidinium thiocyanate-based RNA extraction reagents are toxic and corrosive. Handle them in a chemical fume hood while wearing appropriate personal protective equipment.

9.4.2. Following a 5 min incubation at room temperature, add 200 µL of chloroform and centrifuge the samples at 15,000 x g for 15 min at 4 °C. Transfer the aqueous phase to a new tube, mix with 500 µL of isopropanol, incubate for 30 min at -20 °C, and centrifuge at 15,000 x g for 20 min at 4 °C. 

CAUTION: Chloroform is toxic and volatile, and isopropanol is highly flammable. Handle chloroform in a chemical fume hood and keep isopropanol away from heat, sparks, and other ignition sources.

9.4.3. Wash the RNA pellet with 700 µL of 75% ethanol, centrifuge at 15,000 x g for 10 min, air-dry, and dissolve in 30 µL of RNase-free water. Assess RNA concentration and purity spectrophotometrically. Use only RNA samples with A260/A280 ratios of 1.8–2.1 and A260/A230 ratios of at least 1.8 for further analysis.

9.4.4. For reverse transcription, treat 1 µg of total RNA with 2 µL of 4x genomic DNA removal reagent in a total volume of 8 µL at 37 °C for 5 min. Add 2 µL of 5× reverse transcription master mix and perform reverse transcription at 37 °C for 15 min, 50 °C for 5 min, and 98 °C for 5 min. Dilute the resulting cDNA fivefold by adding 40 µL of RNase-free water.

9.4.5. Perform quantitative PCR in 20 µL reactions containing 10 µL of 2x SYBR-based qPCR master mix (see Table of Materials), 2 µL of diluted cDNA, 4 µL of a combined forward- and reverse-primer solution containing each primer at 5 µM, and 4 µL of nuclease-free water. Use the primer sequences listed in Table 1. 

9.4.6. Run an initial denaturation at 95 °C for 30 s, followed by 50 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 30 s. Measure fluorescence during the 72 °C step, and follow with a final extension and melt-curve analysis. Normalize target-gene expression to GAPDH by subtracting the GAPDH Cq value from the corresponding target-gene Cq value and calculate relative gene expression using the comparative Ct (2-ΔΔCt) method, using the mean Day 16 value as the calibrator. 

9.4.7. Perform statistical analyses using statistical analysis software (see Table of Materials). Present qRT-PCR data as mean ± SD from three independent biological replicates. Analyze differences among differentiation time points using one-way ANOVA followed by Tukey’s multiple-comparisons test. Consider P < 0.05 statistically significant.

NOTE: Flow cytometry analysis could be an additional method for quantitative characterization.

RESULTS:
This manuscript describes a detailed method for deriving mDA neurons from hPSCs. Unless otherwise indicated, all results presented in Figure 1, Figure 2, Figure 3, and Figure 4 were obtained using the H9 hPSC line. Figure 5 presents the results obtained using the J1 and MEL1 hPSC lines. The differentiation timeline was adapted from a previously reported protocol, with the key reagents, small molecules, and qRT-PCR primers used at each stage summarized in the Table of Materials and Table 110. During differentiation, cells remained confluent until Day 25, and at Day 40 of the late-differentiation stage, cells displayed neuronal morphology characterized by elongated axons and interconnected axonal networks (Figure 1).

To assess the progression of mDA neuron differentiation, the expression of key mDA neuronal lineage markers was analyzed at different stages. The floor-plate and mDA progenitor markers FOXA2, LMX1A, and EN1 were expressed at Day 16 of differentiation, showing successful specification toward a ventral midbrain fate (Figure 2). As differentiation progressed to Day 40, EN1 expression decreased significantly, while FOXA2 and LMX1A expression showed no significant change. Following the establishment of floor-plate and mDA progenitor identity, the expression of NURR1, a transcription factor associated with immature postmitotic mDA neurons, increased at later stages. In addition, the mDA neuron markers TH and PITX3 were significantly upregulated at Day 40, indicating further maturation toward an mDA neuronal identity (Figure 2). Together, these results show the successful transition from mDA progenitors to mature hPSC-derived mDA neurons.

Furthermore, the stage-specific coexpression of mDA lineage markers was validated by immunocytochemistry. On Day 16, cells showed robust coexpression of the floor-plate and mDA progenitor markers FOXA2 and LMX1A, as well as OTX2 and EN1, confirming successful ventral midbrain identity (Figure 3A). On Day 40, the cells displayed extensive neuronal networks and strong expression of the neuronal markers MAP2 and TH (a mature mDA neuron marker), which were co-expressed with FOXA2 (Figure 3B), demonstrating the successful generation and maturation of hPSC-derived mDA neurons.

Following cryopreservation, Day 16 mDA progenitors were successfully recovered after approximately 1 year of cryopreservation (Figure 4A). Post-thaw cell viability was assessed using an automated cell counter by distinguishing live and dead cell populations and calculating the percentage of viable cells (Figure 4B). Across three independent cryopreservation and thawing experiments using the H9 hPSC-derived mDA neurons, the mean post-thaw viability was 91.7% ± 1.5% (mean ± SD, n = 3) (Figure 4B,C). Representative bright-field imaging further demonstrated efficient cell attachment and morphological recovery 1 day after replating (Figure 4D). Immunocytochemical analysis 1 day after thawing demonstrated sustained coexpression of the ventral midbrain progenitor markers FOXA2 and LMX1A (Figure 4E), indicating that cryopreserved Day 16 mDA progenitors were recovered effectively and maintained mDA progenitor identity with sustained key lineage characters.

To assess the reproducibility of the differentiation protocol across multiple hPSC lines, MEL1 and J1 cells were differentiated using the WNT-Boost+ protocol. Immunocytochemical analysis showed coexpression of the ventral midbrain markers FOXA2, LMX1A, and EN1 at Day 16 of differentiated cells derived from both J1 (Figure 5A) and MEL1 hPSCs (Figure 5B). Upon further differentiation, extensive neuronal networks and robust TH expression were observed on Day 40 of differentiated cells derived from MEL1 hPSCs (Figure 5C), confirming the successful generation of mature mDA neurons. These findings support the applicability of the protocol across multiple hPSC lines, with FOXA2, LMX1A, and EN1 expression observed in each line tested.

FIGURE AND TABLE LEGENDS:

Figure 1: Overview of the differentiation protocol and representative images at early and late stages of differentiation. (A) Schematic illustration of mDA neuron differentiation from hPSCs. (CHIR=CHIR99021) (B) Representative bright-field images showing mDA neuron differentiation derived from the H9 hPSCs. (scale bar = 100 µm). Inset image was from Day 17 differentiated cells. (C) Bright-field image of Day 40 differentiated mDA neurons with a magnified view highlighting neuronal morphology (scale bar = 50 µm). Images are representative of three independent differentiation experiments (n = 3).

Figure 2: Time-dependent mRNA expression of mDA neuron identity markers at Days 0, 16, and 40 during mDA neuron differentiation from hPSCs. (A–F) qRT-PCR analysis of mDA lineage markers during differentiation: (A) FOXA2, (B) LMX1A, (C) EN1, (D) NURR1, (E) TH, and (F) PITX3. Data are presented as the mean ± SD of three independent biological differentiation experiments (n = 3). Relative gene expression was calculated using the 2-ΔΔCt method with GAPDH as the endogenous reference gene and the mean Day 16 value as the calibrator. The Day 0 relative expression values were non-zero but very low, ranging from approximately 1.6 x 10-6 to 0.19 across the six markers; therefore, some Day 0 bars appear indistinguishable from zero at the scale used in the plots. Comparisons among multiple groups were performed using one-way ANOVA followed by Tukey’s multiple comparisons test. A P value < 0.05 was considered statistically significant. Statistical significance is indicated as follows: ns, not significant; *P < 0.05; **P < 0.01; and ***P < 0.001.

Figure 3: Immunofluorescence characterization of differentiated mDA neuron lineage at Days 16 and 40. (A,B) Immunofluorescence analysis of differentiated cells at (A) Day 16, stained for FOXA2 and LMX1A and for OTX2 and EN1 (scale bar = 100 µm), and (B) Day 40, stained for MAP2, FOXA2, and TH (scale bar = 20 µm). Images are representative of three independent differentiation experiments (n = 3).

Figure 4: Cell viability, morphology, and marker expression following thawing of cryopreserved mDA progenitors. (A) Schematic overview of the cryopreservation and thawing timeline during mDA neuron differentiation. (CHIR=CHIR99021) (B) Representative image of cell counting after thawing and before seeding, showing live and dead cells measured using an automated cell counter. (C) Quantification of post-thaw cell viability from independent experiments. (D) Representative bright-field images showing morphological recovery of thawed cells at Day 1 post-thaw (scale bar = 100 µm). (E) Immunofluorescence staining of mDA cells 1 day post-thaw for the mDA progenitor markers FOXA2 and LMX1A (scale bar = 100 µm). Data are presented from three independent differentiation experiments (n = 3).

Figure 5: Differentiation and characterization of J1 and MEL1 hPSC-derived mDA cells. (A,B) Immunofluorescence staining of J1 hPSC-derived mDA cells for LMX1A, FOXA2, and EN1 (A) and of MEL1 hPSC-derived mDA cells (B) at Day 16 for LMX1A, FOXA2, and EN1. (C) Immunofluorescence image of Day 40 MEL1 hPSC-derived mDA cells stained for FOXA2 and TH (scale bar = 100 µm). Images are representative of three to six independent differentiation experiments (n = 3–6).

Figure 6: Future applications of hPSC-derived mDA neurons. (A) Disease modeling: study of PD-associated pathogenic mechanisms driven by genetic, environmental, and aging-associated factors. Disease-relevant phenotypes, including α-synuclein aggregation, neuronal dysfunction, and neurodegeneration, can be recapitulated in vitro for mechanistic studies and drug screening. (B) Cell therapy: direct transplantation of hPSC-derived mDA cells into PD animal models via stereotactic injection to evaluate therapeutic potential. Following transplantation, behavioral assessments, imaging analyses, and multi-omics approaches can be used to assess graft survival, integration, and functional recovery in preclinical studies. Created in BioRender. RYU, D. (2026) https://BioRender.com/rl8zp2f. BioRender publication license agreement no. FY2A2KWXB0. 

Table 1: qRT-PCR primers used for mRNA expression analysis. This table lists the primer sequences used for qRT-PCR analysis of mDA lineage and differentiation-associated markers, together with the endogenous reference gene, GAPDH, used for normalization.

Table 2: Composition of media. This table summarizes the composition and working concentrations of basal media, supplements, growth factors, and small molecules used at each stage of the mDA neuron differentiation and maturation protocol.

Table 3: Troubleshooting guide for hPSC-derived mDA neuron differentiation. This table summarizes common problems that may occur during differentiation, their possible causes, and recommended solutions to improve differentiation efficiency, cell survival, and reproducibility.

DISCUSSION:
In this manuscript, we present a stepwise, detailed WNT-Boost+ protocol for the differentiation, characterization, and quality-control assessment of human mDA neurons derived from hPSCs, building on the previously established WNT-Boost method15 to enhance yield and subtype identity of mDA neurons. By integrating morphology-based assessment, molecular characterization, and post-thaw validation, this protocol provides a practical and reproducible workflow for generating hPSC-derived mDA neurons.

A major advantage of this protocol is the incorporation of multiple quality-control steps throughout the differentiation process. Morphological assessment allows users to monitor key stage transitions, including high-density attachment during early stages of differentiation, neuronal conversion with neurite extension, and maturation-associated neuronal network formation at late stages of differentiation. In parallel, qRT-PCR and immunocytochemistry provide molecular validation of mDA lineage specification and neuronal maturation. Characterization of post-thawing steps further supports the practical use of Day 16 mDA progenitors for cell banking and downstream applications.

Several critical steps should be carefully controlled to achieve reproducible mDA differentiation, particularly appropriate cell density, gentle dissociation and replating, and maintenance of stage-specific marker expression. Deviations in these parameters can lead to reduced cell survival, lower differentiation efficiency, or increased heterogeneity in the resulting cultures. As these challenges may arise at different stages of the protocol, careful monitoring of cell morphology, viability, and marker expression is recommended throughout differentiation. Common problems, possible causes, and corresponding troubleshooting strategies are summarized in Table 3.

The hPSC-derived mDA neurons generated using this method can be applied to several areas of PD research (Figure 6). For disease modeling, these cells provide an in vitro platform to study genetic, environmental, and aging-associated factors that contribute to PD-related pathological features, including α-synuclein aggregation, neuronal dysfunction, and neurodegeneration18–24. In addition, these scalable mDA neurons can be applied for mechanistic studies and compound screening to develop novel therapeutic strategies for PD. hPSC-derived mDA cell products are also becoming increasingly relevant to clinical-stage cell replacement strategies for PD5–8. A recent Phase I clinical trial evaluating cell replacement therapy using hPSC-derived mDA progenitors underscores the translational potential of hPSC-based therapy and highlights the need for continued assessment of graft survival, neuronal integration, functional recovery, and long-term safety3,5–8,25,26.

Functional maturation of mDA neurons was shown in our previous WNT-Boost study, in which the resting membrane potential became more hyperpolarized from Day 40 (-34.9 mV ± 3.7 mV, n = 14) to Days 60 and 75 (-49.1 mV ± 1.8 mV and -49.1 mV ± 1.6 mV, respectively; n = 20 and 24), accompanied by repetitive action-potential firing and mature neuronal membrane currents15. More recently, WNT-Boost+ derived mDA neurons showed enhanced functional maturation compared with WNT-Boost neurons, including increased spontaneous network activity at Day 50 and greater evoked action-potential firing and a higher proportion of electrically responsive neurons at Day 6010.

Although this protocol provides a stepwise and reproducible workflow for generating hPSC-derived mDA neurons, several limitations should be considered when selecting this model for specific applications. The current protocol provides a robust platform for generating and characterizing hPSC-derived mDA neurons. The absence of glial and vascular components limits its use for studying neuroinflammation, neuron–glia interactions, and blood–brain barrier-related mechanisms. In addition, Day 40–90 neurons may not be fully mature enough to recapitulate age-dependent features of late-onset neurodegenerative diseases such as Parkinson’s disease. Line-to-line variability may also occur among hPSC lines, suggesting that additional optimization may be required for different cell lines. Thus, this protocol is most appropriate for mDA neuron generation, developmental studies, cell-autonomous phenotyping, and the generation of donor cells for transplantation studies. For applications requiring deeper functional characterization, additional assessments such as electrophysiological analysis, dopamine release assays, subtype-specific validation of A9-like identity, single-cell transcriptomic profiling, or long-term transplantation studies may also be required.
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