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            Abstract
Human brain organoids generated with current technologies recapitulate histological features of the human brain, but they lack a reproducible topographic organization. During development, spatial topography is determined by gradients of signaling molecules released from discrete signaling centers. We hypothesized that introduction of a signaling center into forebrain organoids would specify the positional identity of neural tissue in a distance-dependent manner. Here, we present a system to trigger a Sonic Hedgehog (SHH) protein gradient in developing forebrain organoids that enables ordered self-organization along dorso-ventral and antero-posterior positional axes. SHH-patterned forebrain organoids establish major forebrain subdivisions that are positioned with in vivo-like topography. Consistent with its behavior in vivo, SHH exhibits long-range signaling activity in organoids. Finally, we use SHH-patterned cerebral organoids as a tool to study the role of cholesterol metabolism in SHH signaling. Together, this work identifies inductive signaling as an effective organizing strategy to recapitulate in vivo-like topography in human brain organoids.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more


Subscribe to this journal
Receive 12 print issues and online access
$209.00 per year
only $17.42 per issue

Learn more


Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more


Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Establishment of dorso-ventral and antero-posterior developmental axes in SHH-organoids.[image: ]


Fig. 2: In vivo-like topographic organization of major forebrain subdivisions in SHH-organoids.[image: ]


Fig. 3: Characterization of long-range SHH signaling mechanism.[image: ]


Fig. 4: Statins perturb tissue growth and SHH signaling.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Additional data related to Fig. 1.
(a) Schematic of [I125]Iodopalmitate labeling experiment (left). SHH produced from the iSHH line is palmitoylated at levels proportional to the amount of SHH protein expressed, suggesting that overexpression does not saturate processing machinery. (b) Reproducibility of organizer plating and formation of SHH-H9 spheroids. 1,000 iSHH cells are plated in low-attachment microwells and allowed to aggregate overnight. 10,000 wildtype hPSCs are plated on top of the iSHH organizer cells. (c) Spheroids are embedded in matrigel, and the day of embedding is critical to efficient neuroepithelial growth. SHH organoids (no dox) embedded on day 5 exhibit no neuroepithelial growth (â€œFailed,â€� N = 3 organoids), while SHH organoids embedded on day 6 exhibit efficient neuroepithelial formation (â€“DOX N = 3 organoids; +DOX N = 4 organoids). (d) Typically, the iSHH organizer remains clustered at one pole during differentiation, though in ~â€‰25% of instances the organizer can split into multiple distinct clusters. Scale bars: 200â€‰Î¼m.


Supplementary Figure 2 Quantification method for characterizing SHH-organoid topography.
(a) SHH-organoids are quantified using a grid of regions of interest (ROIs), and each ROI is associated with an X and Y coordinate. The origin is defined for each section by calculating the â€œcenter of massâ€� of the organizer signal. The grid is then used to define ROIs that are positive for regional markers (e.g. PAX6). The linear distance from all positive ROIs to the origin is calculated, and these data can be plotted as a frequency histogram. (b) Organoids that did not express FOXG1 (7/16 batches), or that (c) had a split organizer (10/40 organoids) were not included in the quantification. Scale bars: 200â€‰Î¼m.


Supplementary Figure 3 Topographic patterning in additional hPSC lines (MEL1, HUES6, HUES8) and iPSC lines (J1 and 348).
(a) The iSHH organizer can induce distinct regional domains that emerge in the anatomically correct topographic order. However, the size of domains and overall growth rate of organoids may differ between lines. Without doxycycline all lines are predominantly PAX6 and FOXG1 positive. Sparse induction of NKX2.1 and NKX2.2 was observed in MEL1 and 348 lines. +Doxycycline, N =â€‰8 organoids, 2 batches for all lines; - Doxycycline, Nâ€‰=â€‰4 organoids, 1 batch for all lines. (b) Pluripotency analysis for 348 iPSC line. Scale bars: 200â€‰Î¼m (a); 100â€‰Î¼m (b).


Supplementary Figure 4 Additional data related to Fig. 2.
(a) iSHH organizer cells (red) at least partially express NKX2.1 (green) and are negative for FOXG1, suggesting hypothalamic identity. N = 8 organoids, 2 batches. (b) SHH-dependent topographic patterning can be achieved without matrigel embedding. N = 8 organoids, 2 batches. (c) MGE-like neuroepithelium (FOXG1+/NKX2.1+) acquires a circular, rosette-like structure suggesting a radial organization. N = 6 organoids, 2 batches. Scale bars: 50â€‰Î¼m (a), 200â€‰Î¼m (b, c).


Supplementary Figure 5 Characterization of maintenance of SHH-organoid topography.
(a) OTX2 and FOXG1 regions remain largely distinct over time, and appear to retain their orientation with respect to the organizer. In some instances, the organizer tissue disperses throughout the organoid, making it difficult to determine orientation. â€“Dox N = 4 organoids, 1 batch; +Dox N = 8 organoids, 3 batches. (b, c) Cerebral cortex-like tissue consisting of radially organized bands of PAX6, TBR2, and TBR1 emerge in regions distal to the organizer. â€“Dox N = 4 organoids, 1 batch; +Dox N = 5 organoids, 2 batches. (d) Striatum-like tissue expressing DARPP32 emerges in regions distal to the organizer. LHX6â€‰+â€‰cells are found more proximal to the organizer. â€“Dox N = 4 organoids, 1 batch; +Dox N = 6 organoids, 2 batches. (e, f) Hypothalamic-like cells, which express OTP, POMC, and TH, are found in the immediate vicinity of the organizer. â€“Dox N = 4 organoids, 1 batch; +Dox N = 3 organoids, 2 batches. Scale bars: 50Î¼m (high magnification), 200Î¼m (low magnification).


Supplementary Figure 6 Characterization of interneuron diversity in SHH-organoids using LHX6-citrine line.
(a) LHX6â€‰+â€‰cells emerge in regions proximal to the organizer, and co-express NKX2.1. N = 1 organoid. (b) A subset of LHX6â€‰+â€‰cells expresses FOXG1, consistent with striatal or cortical interneuron identity. N = 6 organoids, 2 batches. (c) Some FOXG1+/LHX6â€‰+â€‰cells have a leading process morphology, characteristic of migrating cortical interneurons. (dâ€“f) Diverse interneuron populations expressing somatostatin N = 3 organoids, 2 batches (d), parvalbumin N = 3 organoids, 2 batches (e), and calretinin N = 6 organoids, 2 batches (f) are observed. Parvalbuminâ€‰+â€‰cells do not express LHX6, suggesting a non-MGE source of these cells. Scale bars: 50â€‰Î¼m (high magnification), 100â€‰Î¼M (intermediate magnification), 200â€‰Î¼m (low magnification).


Supplementary Figure 7 Additional data related to Fig. 4.
(a) AY9944 and lovastatin treated organoids retain NKX2.1 and OTX2 expression within the organizer at day 20. No Drug N = 12 organoids, 3 batches; Lova N = 11 organoids, 3 batches; AY9944 N = 12 organoids, 3 batches; Cyclopamine N = 8 organoids, 2 batches. (b) Absolute and relative quantification of organizer size in drug treated organoids at day 20. Graphs depict mean Â± S.D., dots represent individual organoids. One-way ANOVA with Dunnett Test. **P=0.0038, ****P = 0.0001. No drug N = 14 organoids; Lova N = 13 organoids; AY9944 N = 16 organoids; Cyclopamine N = 14 organoids. All samples from 3 batches. (c) AY9944 strongly inhibits induction of NKX2.2 in day 6 organoids at all concentrations tested. Graph depicts mean Â± S.D., dots represent individual organoids. No Drug N = 18 organoids, 3 batches; AY9944 0.31Î¼M N = 14 organoids, 2 batches; AY9944 0.62Î¼M N = 16 organoids, 2 batches; AY9944 1.25Î¼M N = 15 organoids, 2 batches; Lova 2Î¼M, 5Î¼M, 20Î¼M, N = 12 organoids, 2 batches each. (d) Western blot for SHH protein from day 4 hPSC-derived neural differentiations shows appropriate processing of SHH peptide length. Representative image of Nâ€‰=â€‰3 experiments. Scale bars: 100â€‰Î¼M.
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