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SUPPLEMENTARY FIGURES AND FIGURE CAPTIONS 

Supplementary Figure 1 

 
Supplementary Figure 1.  Neuroectoderm patterning in micropatterned hPS cell colonies.  (a) 

Neural induction protocol.  (b) Fluorescent images showing adhesive islands with different 

diameters d.  Scale bar, 400 µm.  (c) Representative micrographs showing DAPI stained nuclei at 

different days.  Experiments were repeated three times with similar results.  Average 

normalized DAPI intensity maps and plots are shown (see Methods).  Number of colonies 
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analyzed were pooled from n = 3 independent experiments.  Data were plotted as the mean.  

Scale bar, 100 µm.  (d) Bar plot of full width at half maximum for average normalized DAPI 

intensity curves in c.  (e) Representative confocal micrographs showing colonies at day 7 stained 

for N-CADHERIN.  Zoomed-in images show nucleus shape at colony center and periphery.  

Experiments were repeated twice with similar results.  Bottom plot shows colony outline (red 

curve) and nucleus orientation (blue arrows).  Scale bars, 50 µm.  (f&g) Colony thickness (f) and 

normalized nucleus dimension (g) at day 7 (see Methods).  Colony thickness and nucleus 

dimension were plotted as the mean and the mean ± s.e.m., respectively, with data pooled from n 

= 2 independent experiments and 12 colonies.  P value was calculated using unpaired, two-sided 

Student’s t-test.  (h) Representative immunofluorescence micrographs, average intensity maps 

and average fluorescence intensity curves showing lineage marker staining at day 9.  

Experiments were repeated three times with similar results.  Number of colonies analyzed 

were pooled from n = 3 independent experiments.  Scale bar, 100 µm.  (i) Bar plots showing 

percentages of cells positive for indicated markers as a function of distance from colony centroid.  

Number of colonies analyzed were pooled from n = 3 independent experiments.  Data were 

plotted as the mean ± s.e.m.  In Supplementary Fig. 1, hPS cells were plated on day 0 at 20,000 

cells cm-2 on circular patterns with a diameter of 400 µm. 
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Supplementary Figure 2 

 
Supplementary Figure 2.  Successful neural conversion in micropatterned hPS cell colonies.  (a) 

Representative immunofluorescence micrographs showing hPS cell colonies at day 2 and day 7 

stained for N-CADHERIN (N-CAD) and E-CADHERIN (E-CAD).  DAPI counterstained nuclei.  

Experiments were repeated twice with similar results.  White dashed lines mark colony 

periphery.  Scale bar, 100 µm.  (b) Western blots showing protein levels of N-CAD, E-CAD and 

GAPDH (loading control) at day 2 and day 7.  (c) Uncropped scans of Western blots.  In 

Supplementary Fig. 2, hPS cells were plated on day 0 at 20,000 cells cm-2 on circular adhesive 

patterns with a diameter of 400 µm.   
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Supplementary Figure 3 

 
Supplementary Figure 3.  Differentiation potential of neuroepithelial (NE) and neural plate 

border (NPB) cells.  (a) Schematic showing differentiation of NE cells towards motor neuron 

(MN) or differentiation of NPB cells towards neural crest (NC) cells using PDMS stencils.  On 

day 0, a thin PDMS membrane containing circular through holes (d = 500 µm) was placed onto 

vitronectin-coated coverslips before seeding hPS cells.  hPS cells were treated with neural 

induction medium till day 9.  On day 9, the PDMS membrane was peeled off from coverslips, 

and culture medium was switched to MN differentiation medium containing N2B27, retinoic 

acid (RA, 1 µM) and smoothened agonist (SAG, 500 nM), or to NC cell differentiation medium 

containing N2B27 and CHIR 99021 (CHIR, 3 µM).  Cells were cultured for another 7 d before 
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analysis on day 16.  (b) Representative immunofluorescence micrographs and average intensity 

maps showing PAX6 and PAX3 staining at day 9.  DAPI counterstained nuclei.  White dashed 

lines mark colony periphery.  Experiments were repeated three times with similar results.  

Number of colonies analyzed were pooled from n = 3 independent experiments.  Data were 

plotted as the mean.  Scale bar, 100 µm.  (c) Representative immunofluorescence micrographs 

showing central and peripheral zones of cell colonies cultured in MN differentiation medium at 

day 16 stained for MN progenitor marker OLIG2 and pan-neuronal markers NESTIN and MAP2.  

DAPI counterstained nuclei.  Scale bar, 50 µm.  (d) Representative immunofluorescence 

micrographs showing central and peripheral zones of cell colonies cultured in NC cell 

differentiation medium at day 16 stained for NC cell marker AP2α and SOX10 and pan-neuronal 

marker NESTIN.  DAPI counterstained nuclei.  Scale bar, 50 µm.  In Supplementary Fig. 3, 

hPS cells were plated on day 0 at 20,000 cells cm-2.  For c & d, experiments were repeated 

twice with similar results. 

 



7 
 

Supplementary Figure 4 

 
Supplementary Figure 4.  Effect of colony size on self-organized neuroectoderm patterning.  

(a-c) Representative phase contrast and immunofluorescence micrographs and average intensity 

maps showing cell colonies of different diameters (a: d = 300 µm; b: d = 500 µm; c: d = 800 µm) 

at day 9 stained for neuroepithelial marker PAX6 and neural plate border (NPB) markers PAX3, 
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ZIC1 and MSX1 as indicated.  DAPI counterstained nuclei.  White dashed lines mark colony 

periphery.  Zoomed-in images in c are shown for boxed regions at colony central areas.  

Experiments were repeated three times with similar results.  Number of colonies analyzed 

were pooled from n = 3 independent experiments.  Bottom plots show average fluorescence 

intensity of individual markers as a function of distance from colony centroid.  Data were plotted 

as the mean.  Scale bars, 100 µm.  (d) Bar plots showing full width at half maximum (FWHM) 

for average normalized fluorescence intensity curves of PAX6 and PAX3 in a-c, respectively, as 

a function of colony diameter.  In Supplementary Fig. 4, hPS cells were plated on day 0 at 

20,000 cells cm-2.  
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Supplementary Figure 5 

 
Supplementary Figure 5.  Effect of cell seeding density on self-organized neuroectoderm 

patterning.  (a) Representative immunofluorescence micrographs and average intensity maps for 

cell colonies at day 9 when hPS cells were plated on day 0 at a low density of 5,000 cells cm-2.  

Colonies were stained for neuroepithelial marker PAX6 and neural plate border (NPB) markers 

PAX3, ZIC1 and MSX1 as indicated.  DAPI counterstained nuclei.  White dashed lines mark 

colony periphery.  Experiments were repeated three times with similar results.  Number of 

colonies analyzed were pooled from n = 3 independent experiments.  Data were plotted as the 

mean.  Scale bar, 100 μm.  (b) Representative confocal images demonstrating spatial distribution 

of PAX3+ NPB cells in cell colonies at day 9 when hPS cells were plated on day 0 at a high 

density of 30,000 cells cm-2.  Experiments were repeated three times with similar results.  Scale 

bar, 100 μm.  In Supplementary Fig. 5, hPS cells were seeded at day 0 on circular adhesive 

patterns with a diameter of 400 µm.   
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Supplementary Figure 6 

 
Supplementary Figure 6.  Self-organized neuroectoderm patterning from micropatterned 

circular colonies of different hPS cell lines.  (a) H9 hES cell line.  (b) A hiPS cell line.  In a & b, 

representative immunofluorescence micrographs and average intensity maps are shown for 

colonies at day 9 stained for neuroepithelial cell marker PAX6 and neural plate border marker 

PAX3, ZIC1 and MSX1.  DAPI counterstained nuclei.  White dashed lines mark colony 

periphery.  Experiments were repeated three times with similar results.  Number of colonies 

analyzed were pooled from n = 3 independent experiments.  Data were plotted as the mean.  

Scale bars, 100 µm.  In Supplementary Fig. 5, hPS cells were plated on day 0 at 20,000 cells 

cm-2 onto circular adhesive patterns with a diameter of 400 µm.     
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Supplementary Figure 7 

 
Supplementary Figure 7.  Dynamic expression of cell lineage markers during self-organized 

neuroectoderm patterning.  Cells were stained for neuroepithelial marker PAX6 and neural plate 

border (NPB) marker PAX3 at day 2, 4, 6, and 9.  DAPI counterstained nuclei.  White dashed 

lines mark colony periphery.  White arrowheads mark appearance of PAX3+ NPB cells at colony 

border on day 4.  Experiments were repeated three times with similar results.  Average 

intensity maps show spatial distributions of marker intensities.  Number of colonies analyzed 

were pooled from n = 3 independent experiments.  Data were plotted as the mean.  Scale bar, 
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100 µm.  In Supplementary Fig. 6, hPS cells were plated on day 0 at 20,000 cells cm-2 onto 

circular adhesive patterns with a diameter of 400 µm.   
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Supplementary Figure 8 

 
Supplementary Figure 8.  Cell migration during neuroectoderm patterning.  Migration of 

CellTracker labeled hPS cells was recorded every 20 min starting from day 2 (t = 0 hr) till day 4 

(t = 41 hr).  If labeled cells divided during tracking, one of daughter cells was randomly selected 

for continuous tracking.  (a) Fluorescence micrographs showing CellTracker labeled cells at t = 0 

hr and t = 1 hr.  White dashed and solid lines mark cell boundaries at t = 0 hr and t = 1 hr, 

respectively.  White arrows mark cell displacements.  Scale bar, 40 µm.  (b) Migration 

trajectories for two individual cells in colony central (red) and peripheral (black) regions, 

respectively, between t = 0 - 41 hr.  D denotes end-to-end cell displacement, and Rt denotes cell 

radial position from colony centroid.  Rt - R0 represents radial displacement during cell migration.  

(c&d) Experimental (c) and simulation (d) results showing end-to-end displacement D, radial 

displacement Rt - R0, and percentage of cells switching between 'central' and 'peripheral' regions 

as a function of time.  For radial displacement, cells were divided into two groups based on their 

radial positions at t = 0 hr (R0) ('central': 0 ≤ R0 ≤ 100 μm; 'peripheral': 100 < R0 ≤ 200 μm).  The 

slight difference in radial displacement Rt - R0 between 'central' and 'peripheral' cells was due to 
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geometric confinement from colony boundary preventing cells from passing across.  ncell = 153 

from n = 2 independent experiments with ncolony > 15 per experiment.  Data were plotted as the 

mean ± s.e.m.  (e) Mean square end-to-end displacement D2 as a function of time.  Red curve 

shows linear fitting.  In Supplementary Fig. 8, hPS cells were plated on day 0 at 20,000 cells 

cm-2 onto circular adhesive patterns with 400 µm diameter.     
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Supplementary Figure 9 

 
Supplementary Figure 9.  Projected cell area and traction force in micropatterned hPS cell 

colonies.  (a) Image processing using CellProfiler to quantify cell area (see Methods).  Scale bar, 

100 μm.  Briefly, cells were stained for ZO-1, a tight junction-associated protein, for 

visualization of cell-cell contacts.  DAPI counterstained nuclei for identification of each cell as 

primary objects in CellProfiler.  ZO-1 staining images were first filtered to remove background 

before segregated using a propagation method to determine projected cell area.  To determine 

projected cell areas for central and peripheral zones of micropatterned colonies, a binary circular 

mask with a diameter of half of the actual pattern diameter was used to crop original images.  

Cells falling on the mask boundary were excluded from quantification.  (b) hPS cell colonies 

were patterned on a PDMS micropost array for quantification of traction forces (see Methods).  

White dashed lines mark colony periphery.  Scale bar, 100 μm.  Briefly, the PDMS micropost 

array was labeled with DiI to allow measurements of positions (and thus deflections) of 
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micropost tops using fluorescence microscopy.  Traction force vectors were calculated by 

multiplying micropost top deflections with the micropost spring constant.    
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Supplementary Figure 10 

 
Supplementary Figure 10.  Projected cell spreading area and traction force in micropatterned 

hPS cell colonies at day 4.  hPS cells were plated on day 0 at 20,000 cells cm-2 (control) and 

were cultured in neural induction medium supplemented with either DMSO (control) or 

blebbistatin (Bleb; 10 µM).  For low density condition, hPS cells were plated at 5,000 cell cm-2, 

with neural induction medium supplemented with DMSO.  (a) Representative 

immunofluorescence micrographs showing cell colonies at day 4 stained for ZO-1.  Scale bar, 

100 µm.  Experiments were repeated three times with similar results.  Box-and-whisker plots 

show projected cell spreading area for central and peripheral zones under different culture 
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conditions (box: 25-75%, bar-in-box: median, and whiskers: 1% and 99%).  Data were pooled 

from n = 3 independent experiments with ncolony = 9 per experiment.  P value was calculated 

using unpaired, two-sided Student’s t-test.  (b) Representative fluorescent images of micropost 

arrays and average traction stress maps showing cell colonies at day 4 cultured under different 

conditions.  Number of colonies analyzed were pooled from n = 3 independent experiments.  

Bottom plots show average traction stress as a function of distance from colony centroid (see 

Methods).  Data were plotted as the mean.  Scale bar, 100 μm. 
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Supplementary Figure 11 

 
Supplementary Figure 11.  Effect of blebbistatin treatment on cell viability and proliferation 

during neuroectoderm patterning.  hPS cells were plated on day 0 at 20,000 cells cm-2 onto 

circular patterns with a diameter of 400 µm (control) and were cultured in neural induction 

medium supplemented with either DMSO (control) or blebbistatin (Bleb; 10 µM).  (a&b) 

Representative fluorescence micrographs (a) and dot plots (b) showing the number of cells in 
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each colony stained positive for ethidium homodimer-1 (EthD-1) at day 4 and day 8 under either 

control or Bleb treatment conditions.  White dashed lines in a mark colony periphery.  Scale bar, 

100 µm.  Experiments were repeated twice with similar results.  Number of colonies analyzed 

in b were pooled from n = 2 independent experiments.  Error bars in b, the mean ± s.e.m.  P 

values were calculated using unpaired, two-sided Student’s t-tests.  (c) Representative 

fluorescence images and average intensity maps showing EdU-positive proliferating cells in each 

colony at day 3.  DAPI counterstained nuclei.  White dashed lines mark colony periphery.  Scale 

bar, 100 µm.  Experiments were repeated twice with similar results.  Number of colonies 

analyzed were pooled from n = 2 independent experiments.  Data in intensity maps were 

plotted as the mean.  (d) Bar plots showing percentage of EdU-positive cells as a function of 

distance from colony centroid under different conditions.  Data were obtained from images in c 

and were plotted as the mean ± s.e.m.  P values were calculated using unpaired, two-sided 

Student’s t-tests. 
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Supplementary Figure 12 

 
Supplementary Figure 12.  Effects of NOGGIN and dorsomorphin treatments on 

neuroectoderm patterning.  hPS cells were plated on day 0 at 20,000 cells cm-2 onto circular 

adhesive islands with a diameter of 400 µm.  Cells were cultured in neural induction medium 

except LDN being replaced with NOGGIN (100 ng mL-1) or dorsomorphin (1 µM) as indicated.  

(a) Representative immunofluorescence micrographs and average intensity maps showing 

colonies at day 9 stained for neuroepithelial marker PAX6 and neural plate border marker PAX3.  

DAPI counterstained nuclei.  White dashed lines mark colony periphery.  Experiments were 

repeated twice with similar results.  Number of colonies analyzed were pooled from n = 2 
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independent experiments.  Data in intensity maps were plotted as the mean.  Scale bar, 100 µm.  

(b) Representative immunofluorescence images showing central and peripheral zones of 

micropatterned colonies at day 4 stained for phosphorylated SMAD 1/5 (p-SMAD 1/5).  DAPI 

counterstained nuclei.  Experiments were repeated three times with similar results.  Scale bar, 

25 µm.  (c) Percentage of cells with nuclear p-SMAD 1/5 as a function of distance from colony 

centroid under NOGGIN or dorsomorphin treatments as indicated.  Based on distance of nuclei 

from colony centroid, cells were grouped into 4 concentric zones with equal widths as indicated.  

Number of colonies analyzed were pooled from n = 3 independent experiments.  Data were 

plotted as the mean ± s.e.m. 
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Supplementary Figure 13 

 
Supplementary Figure 13.  Traction force and expression of BMP target genes depend on cell 

spreading area.  (a) Representative phase contrast images and traction force maps of 

micropatterned circular single hPS cells with defined spreading areas (500 µm2 vs. 1,600 µm2).  

hPS cells were patterned on flat PDMS surfaces (for immunofluorescence and qRT-PCR 

analyses) or PDMS micropost arrays (for traction force measurements).  Scale bar, 20 µm.  

Experiments were repeated twice with similar results.  (b) Dot plots showing traction force per 

cell as a function of cell spreading area.  Data were pooled from n = 2 independent experiments.  

Error bars, mean ± s.e.m.  (c) Dot plots showing expression of BMP4 target genes MSX1, ID1, 

and ID3 as a function of cell spreading area.  Error bars, the mean ± s.e.m.  (d) Representative 

immunofluorescence micrographs showing hPS cells seeded on vitronectin coated coverslips 

stained for ZO-1.  hPS cells were plated at either 200,000 cells cm-2 (high density, or HD) or 

10,000 cell cm-2 (low density, or LD).  Scale bar, 20 µm.  Experiments were repeated three 

times with similar results.  (e) Box-and-whisker plot showing projected cell area (box: 25-75%, 
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bar-in-box: median, and whiskers: 1% and 99%) and dot blot showing traction force per cell as a 

function of cell seeding density.  Error bars in dot plot, the mean ± s.e.m.  Data were pooled 

from n = 3 independent experiments.  (f) Dot plots showing expression of BMP4 target genes 

MSX1, ID1, and ID3 as a function of cell seeding density.  Error bars, the mean ± s.e.m.  For c & 

f, cells were cultured in KSR medium supplemented with or without the dual Smad inhibitors 

(DSi) for 6 hr before RNA collection.  All P values were calculated using unpaired, two-sided 

Student’s t-tests. 
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Supplementary Figure 14 

 
Supplementary Figure 14.  Microfluidic cell stretching device.  (a) Photograph of the device 

including a microfluidic network to apply regulated pressures to simultaneously activate 64 

pressurization compartments (200 µm in diameter) to induce PDMS membrane deformation and, 

consequently, mechanical stretching of hPS cells cultured on top of PDMS membranes.  Scale 

bar, 5 mm.  (b) Fluorescent images of fiducial markers on the PDMS membrane before and 

during stretching with ΔP = 25 psi.  Scale bar, 5 µm.  (c) Plot of relative PDMS membrane 

surface area fold change as a function of ΔP.  ΔP of 25 psi was used to achieve a 100% stretch 

amplitude.  n = 5 independent experiments.  Data were plotted as the mean ± s.e.m.  (d) Phase 

contrast and fluorescent images showing a circular adhesive island with a diameter of 400 µm 

aligned and printed on top of the microfluidic pressurization compartment.  For visualization, 

fluorescently labeled BSA was used for printing adhesive islands.  Scale bar, 200 µm.  (e) 

Immunofluorescence micrographs showing hPS cells seeded on the deformable PDMS 

membrane before and during cell stretching with ΔP = 25 psi.  hPS cells were plated on day 0 at 

20,000 cells cm-2, and were stained at day 4 for ZO-1 before stretching.  Scale bar, 30 µm.  (f) 

Dot plot showing normalized cell area before and during stretching with ΔP = 25 psi.  n = 8 

independent experiments.  Error bars, the mean ± s.e.m.  P values were calculated using unpaired, 

two-sided Student’s t-tests.  (g) hPS cell colony stretching protocol.  Continuous stretching with 
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a square-wave pattern (pulse width of 2 hr and period of 4 hr) and a 100% stretch amplitude was 

applied to the central zone of hPS cell colonies starting from day 2.   
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Supplementary Figure 15 

 
Supplementary Figure 15.  Effect of LDN dosage on graded SMAD transcriptional activation 

in micropatterned hPS cell colonies.  (a) Representative immunofluorescence images showing 

central and peripheral zones of micropatterned hPS cell colonies at day 4 stained for 

phosphorylated SMAD 1/5 (p-SMAD 1/5).  DAPI counterstained nuclei.  hPS cells were plated 

on day 0 at 20,000 cells cm-2 onto circular adhesive islands with a diameter of 400 µm.  Cells 

were cultured in neural induction medium with different LDN concentrations as indicated.  

Experiments were repeated twice with similar results.  Scale bar, 25 µm.  (b) Percentage of 

cells with nuclear p-SMAD 1/5 as a function of distance from colony centroid under different 

LDN concentrations as indicated.  Based on distance of nuclei from colony centroid, cells were 

grouped into 4 concentric zones with equal widths as indicated.  Number of colonies analyzed 

were pooled from n = 2 independent experiments.  Data were plotted as the mean ± s.e.m. 
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Supplementary Figure 16  

 
Supplementary Figure 16.  Dot plots showing qRT-PCR analysis of BMP2, BMP4, BMP6, 

BMP7 and NOGGIN.  hPS cells were plated as single cells on day 0 at 20,000 cells cm-2 on 

circular adhesive islands with a diameter of 400 µm and were cultured under different conditions 

to modulate exogenous BMP activation.  RNA was collected on day 4.  Human TBP primers 

were used as an endogenous control for relative quantifications.  The default neural induction 

condition (control) was modified as following: + BMP4, LDN was replaced with recombinant 

human BMP4 (25 ng mL-1);  E6: KSR medium was replaced with E6 medium.  Error bars, the 

mean ± s.e.m.  P values were calculated using unpaired, two-sided Student’s t-tests.  
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Supplementary Figure 17 
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Supplementary Figure 17.  (a) Dot plots showing qRT-PCR analysis of BMP4 and NOGGIN 

expression in hPS cells cultured with scramble siRNA (control), BMP4 or NOGGIN siRNA of 

different concentrations as indicated.  Human TBP primers were used as an endogenous control 

for relative quantifications.  n = 3 or 4 independent experiments.  Error bars, the mean ± s.e.m.  P 

values were calculated using unpaired, two-sided Student’s t-tests.  (b) Representative 

immunofluorescence micrographs and average intensity maps showing micropatterned colonies 

at day 9 stained for neuroepithelial marker PAX6 and neural plate border marker PAX3.  DAPI 

counterstained nuclei.  White dashed lines mark colony periphery.  hPS cells were cultured in 

neural induction medium supplemented with scramble siRNA (control), BMP4 siRNA (2.5 nM; 

BMP4 knockdown), or NOGGIN siRNA (10 nM; NOGGIN knockdown) as indicated.  

Experiments were repeated twice with similar results.  Number of colonies analyzed were 

pooled from n = 2 independent experiments.  Data in intensity maps were plotted as the mean.  

Scale bar, 100 µm.  (c) Bar plots showing percentages of PAX6+ and PAX3+ cells as a function 

of distance from colony centroid.  Images in b were used for cell counting.  Cells positive for 

indicated markers were identified as those showing dominant nuclear staining.  Number of 

colonies analyzed were pooled from n = 2 independent experiments.  Data were plotted as the 

mean ± s.e.m.  In b & c, hPS cells were plated on day 0 at 20,000 cells cm-2 onto circular 

adhesive islands with a diameter of 400 µm.   
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Supplementary Figure 18 

 
Supplementary Figure 18.  Dot plots showing qRT-PCR analysis of neural plate border (NPB) 

markers PAX3 and SOX9.  Human TBP primers were used as an endogenous control for relative 

quantifications.  hPS cells were plated on coverslips uniformly coated with vitronectin at either 

10,000 cell cm-2 (low density, or LD) or 50,000 cell cm-2 (high density, or HD), and RNA were 

collected at day 9.  Default neural induction protocol was modified as following: for DSi, CHIR 

was not added to the medium; for BMP4, LDN was replaced with BMP4 (25 ng mL-1) and CHIR 

was not added to medium.  n = 3 independent experiments.  Error bars, the mean ± s.e.m.  P 

values were calculated using unpaired, two-sided Student’s t-tests. 
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Supplementary Figure 19 

 
Supplementary Figure 19.  Tight-junction integrity is not required for neuroectoderm patterning 

in micropatterned hPS cell colonies.  (a) Tight-junction disruption protocol.  Tight junction 

integrity was disrupted during neural induction by 20 min calcium depletion followed by 

incubation with ROCK inhibitor Y-27632 (Y27; 20 µM).  Specifically, calcium depletion was 

conducted by treating cells with 2 mM EGTA in Hank’s balanced salt solution without calcium 

or magnesium (HBSS-) for 20 min.  (b) Representative confocal images showing ZO-1 staining 

at apical surfaces of micropatterned colonies at day 4.  It is notable that ZO-1 staining became 

diminished at the colony central region under the tight-junction disruption condition.  

Experiments were repeated twice with similar results.  Scale bar, 50 µm.  (c) Representative 

immunofluorescence images and average intensity maps showing colonies at day 9 stained for 

PAX6 and PAX3 under control and tight-junction disruption conditions as indicated.  Scale bar, 

100 µm.  Experiments were repeated twice with similar results.  Number of colonies analyzed 

were pooled from n = 2 independent experiments.  Data in intensity maps were plotted as the 

mean.  (d) Bar plots showing percentages of PAX6+ and PAX3+ cells as a function of distance 
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from colony centroid under control and tight-junction disruption conditions.  Images in c were 

used for cell counting.  Cells positive for indicated markers were identified as those showing 

dominant nuclear staining.  Number of colonies analyzed were pooled from n = 2 independent 

experiments.  Data were plotted as the mean ± s.e.m. 
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Supplementary Figure 20 

 
Supplementary Figure 20. (a) Representative immunofluorescence images showing circular 

hPS cell colonies at day 4 cultured under different conditions as indicated.  Cells were stained for 

YAP and phosphorylated SMAD 1/5 (p-SMAD 1/5).  DAPI counterstained nuclei.  The default 

neural induction condition was modified as following: + BMP4, LDN was replaced with 

recombinant human BMP4 (25 ng mL-1); + BMP4 / + CER, LDN was replaced with recombinant 

human BMP4 (25 ng mL-1), and cerivastatin (CER, 1 µM) was supplemented.  Light blue and 

yellow rectangles highlight selected central and peripheral regions, respectively.  Scale bar, 100 

µm.  Experiments were repeated three times with similar results.  (b) Representative 

immunofluorescence micrographs and average intensity maps showing colonies cultured under 

different conditions at day 9 stained for PAX6 and PAX3 as indicated.  Experiments were 

repeated twice with similar results.  Number of colonies analyzed were pooled from n = 2 

independent experiments.  Data in intensity maps were plotted as the mean.  Scale bar, 100 µm. 
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SUPPLEMENTARY TABLES 

Supplementary Table 1.  List of primers used in qRT-PCR.  Primers for SYBR green PCR were 

designed using NCBI-primer BLAST.  Sequences were as follows:  

Gene Forward Reverse 

MSX1 AGGTTGAAGGGACCTCTCTCTTA CTTCCAAAGGGATGTTTGAGAGC 

ID1 CAGCCAGTCGCCAAGAAT ACAGACAGCGCACCACCT 

ID3 CTTAGCCAGGTGGAAATCCTACA CTCGGCTGTCTGGATGGGAA 

BMP2 ACTACCAGAAACGAGTGGGAA GCATCTGTTCTCGGAAAACCT 

BMP4 AAAGTCGCCGAGATTCAGGG GACGGCACTCTTGCTAGGC 

BMP6 AGCGACACCACAAAGAGTTCA GCTGATGCTCCTGTAAGACTTGA 

BMP7 TCGGCACCCATGTTCATGC GAGGAAATGGCTATCTTGCAGG 

NOGGIN CCATGCCGAGCGAGATCAAA TCGGAAATGATGGGGTACTGG 

PAX3 TACAGGTCTGGTTTAGCAAC GATCTGACACAGCTTGTGGA 

SOX9 GCTCTGGAGACTTCTGAACGAGA GAAGATGGCGTTGGGGGAGAT 

TBP TGCCCGAAACGCCGAATATAATC GTCTGGACTGTTCTTCACTCTTGG 
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Supplementary Table 2.  List of antibodies used in Western blotting and immunocytochemistry. 

Protein Vendor Catalog number Dilution 

ZO-1 Invitrogen 33-9100 1:50 (ICC) 

PAX6 Abcam ab78545 1:200 (ICC) 

PAX3 Novus NBP1-32944 1:200 (ICC) 

ZIC1 Novus NB600-488 1:200 (ICC) 

MSX1 Novus NBP2-30052  1:200 (ICC) 

p- SMAD 1/5 Millipore AB3848 1:500 (WB); 1:100 (ICC) 

p-MLC Cell Signaling 3671S 1:50 (ICC) 

GAPDH Santa-Cruz Biotechnology sc-25778 1:200 (WB) 

N-CADHERIN Abcam ab12221 1:100 (ICC); 1:500 (WB) 

E-CADHERIN BD Biosciences 610181 1:100 (ICC); 1:500 (WB) 

OLIG2 Santa-Cruz Biotechnology sc-48817 1:100 (ICC) 

NESTIN Santa-Cruz Biotechnology sc-23927 1:100 (ICC) 

MAP2 Sigma-Aldrich M1406-.2ML  1:100 (ICC) 

SOX10 Cell Signaling 89356S 1:100 (ICC) 

AP2α Santa-Cruz Biotechnology sc-12726 1:100 (ICC) 
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Supplementary Table 3.  Table listing statistics data.  This table lists all t-test results, including 

their degrees of freedom, t values and P values. 

Figure Conditions Degrees of 
freedom t-value p-value 

Figure 2b Control, 
Central vs. Peripheral 34 8.64742 4.19769E-10 

Figure 2b Bleb, 
Central vs. Peripheral 16 0.56239 0.58165 

Figure 3b 0-50, 
Low density vs. Control 4 33.25504 4.87649E-6 

Figure 3b 50-100, 
Low density vs. Control 4 18.67098 4.84421E-5 

Figure 3b 100-150, 
Low density vs. Control 4 10.33367 4.94874E-4 

Figure 3b 150-200, 
Low density vs. Control 4 2.51831 0.06547 

Figure 3b 0-50, 
Bleb vs. Control 4 3.71092 0.02064 

Figure 3b 50-100, 
Bleb vs. Control 4 6.4729 0.00294 

Figure 3b 100-150, 
Bleb vs. Control 4 0.91678 0.41113 

Figure 3b 150-200, 
Bleb vs. Control 4 1.74996 0.15502 

Figure 4d 0-50, 
Stretch vs. Unstretched 6 6.82391 4.86097E-4 

Figure 4d 50-100, 
Stretch vs. Unstretched 6 23.18518 4.22071E-7 

Figure 4d 100-150, 
Stretch vs. Unstretched 6 2.71332 0.03495 

Figure 4d 150-200, 
Stretch vs. Unstretched 6 0.72636 0.49496 

Figure 5b 0-50, 
BMP high vs. Control 4 25.5791 1.39E-5 

Figure 5b 50-100, 
BMP high vs. Control 4 24.0292 1.78E-5 

Figure 5b 100-150, 
BMP high vs. Control 4 8.18585 0.00121 

Figure 5b 150-200, 
BMP high vs. Control 4 0.2077 0.84561 

Figure 5b 0-50, 
BMP low vs. Control 4 7.08124 0.0021 

Figure 5b 50-100, 
BMP low vs. Control 4 5.16792 0.00667 

Figure 5b 100-150, 4 10.21823 0.00052 
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BMP low vs. Control 

Figure 5b 150-200, 
BMP low vs. Control 4 22.93114 2.14E-5 

Supplementary Figure 1g Central vs. Peripheral 149 6.07998 9.63999E-9 
Supplementary Figure 10a Control 34 8.64742 4.19769E-10 
Supplementary Figure 10a Bleb 16 0.56239 0.58165 
Supplementary Figure 10a Low density 7 1.9046 0.09854 
Supplementary Figure 11b Day4 50 0.59952 0.55153 
Supplementary Figure 11b Day8 46 1.08484 0.28366 

Supplementary Figure 11d Control, 
0-50 vs. 50-100 10 0.45407 0.65946 

Supplementary Figure 11d Control, 
0-50 vs. 100-150 10 1.68648 0.12259 

Supplementary Figure 11d Control, 
0-50 vs. 150-200 10 3.41280 0.00662 

Supplementary Figure 11d Bleb, 
0-50 vs. 50-100 10 1.25198 0.23906 

Supplementary Figure 11d Bleb, 
0-50 vs. 100-150 10 1.22703 0.24792 

Supplementary Figure 11d Bleb, 
0-50 vs. 150-200 10 1.52215 0.15895 

Supplementary Figure 13b 1600 vs. 500 23 9.86125 9.94415E-10 

Supplementary Figure 13c MSX1, 
KSR, w/o DSi 8 2.70844 0.02672 

Supplementary Figure 13c ID1, 
KSR, w/o DSi 8 3.38933 0.00951 

Supplementary Figure 13c ID3, 
KSR, w/o DSi 6 3.03475 0.02296 

Supplementary Figure 13c MSX1, 
KSR, w/ DSi 6 4.77484 0.00308 

Supplementary Figure 13c ID1, 
KSR, w/ DSi 8 2.84255 0.02173 

Supplementary Figure 13c ID3, 
KSR, w/ DSi 12 0.43649 0.67023 

Supplementary Figure 13e Cell area, 
LD vs. HD 256 16.63727 1.23784E-42 

Supplementary Figure 13e Traction force, 
LD vs. HD 4 5.47025 0.00543 

Supplementary Figure 13f MSX1, 
KSR, w/o DSi 4 12.2583 2.54334E-4 

Supplementary Figure 13f ID1, 
KSR, w/o DSi 6 4.11138 0.00628 

Supplementary Figure 13f ID3, 
KSR, w/o DSi 4 0.80089 0.46807 

Supplementary Figure 13f MSX1, 4 6.14383 0.00356 
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KSR, w/ DSi 

Supplementary Figure 13f ID1, 
KSR, w/ DSi 6 3.68958 0.01021 

Supplementary Figure 13f ID3, 
KSR, w/ DSi 4 2.31967 0.08117 

Supplementary Figure 14f 0 psi vs. 25 psi 14 27.83511 1.17E-13 

Supplementary Figure 16 BMP2, 
E6 vs. Control 6 0.93667 0.38508 

Supplementary Figure 16 BMP2, 
+BMP4 vs. Control 6 0.68396 0.51953 

Supplementary Figure 16 BMP4, 
E6 vs. Control 6 4.21169 0.00561 

Supplementary Figure 16 BMP4, 
+BMP4 vs. Control 6 6.68117 5.44731E-4 

Supplementary Figure 16 NOGGIN, 
E6 vs. Control 6 0.27046 0.79587 

Supplementary Figure 16 NOGGIN, 
+BMP4 vs. Control 6 3.22959 0.01792 

Supplementary Figure 16 BMP6, 
E6 vs. Control 6 0.20419 0.84496 

Supplementary Figure 16 BMP6, 
+BMP4 vs. Control 6 1.70287 0.13949 

Supplementary Figure 16 BMP7, 
E6 vs. Control 6 1.01828 0.34783 

Supplementary Figure 16 BMP7, 
+BMP4 vs. Control 6 1.97073 0.09625 

Supplementary Figure 17a BMP4 knockdown, 
1 nM vs. Control 6 6.57128 5.95439E-4 

Supplementary Figure 17a BMP4 knockdown, 
2.5 nM vs. Control 6 10.22544 5.09986E-5 

Supplementary Figure 17a BMP4 knockdown, 
10 nM vs. Control 5 9.8933 1.79968E-4 

Supplementary Figure 17a NOGGIN knockdown, 
1 nM vs. Control 5 2.73575 0.041 

Supplementary Figure 17a NOGGIN knockdown, 
2.5 nM vs. Control 4 3.118 0.0356 

Supplementary Figure 18 PAX3, 
LD, DSi vs. HD, DSi 4 7.43203 0.00175 

Supplementary Figure 18 PAX3, 
HD, BMP4 vs. HD, DSi 4 8.98073 8.50813E-4 

Supplementary Figure 18 SOX9, 
LD, DSi vs. HD, DSi 4 6.93304 0.00227 

Supplementary Figure 18 SOX9, 
HD, BMP4 vs. HD, DSi 4 6.13718 0.00357 

 


