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SUPPLEMENTARY FIGURES 
Supplementary Figure 1 

 

 

 
Supplementary Figure 1.  Batch microfabricated PDMS micropost arrays (PMAs) of large 

surface areas for hPSC culture.  (a) Photograph (left) showing micropost array structures 
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fabricated on a 4-inch Si wafer and SEM images (right) showing the layout of the micropost 

array surrounded by supporting pillars and position markers.  The red rectangle in the top SEM 

image highlights the area in which the bottom SEM image was taken.  1 mm × 1 mm square-

shaped micropost arrays were separated by circular supporting pillars with a diameter of 30 µm.  

These supporting pillars are needed for microcontact printing of adhesive proteins onto PDMS 

microposts by serving as weight-bearing structures that prevent the stamp from collapsing the 

microposts.  The total surface area of supporting pillars occupied < 1% of the total surface area 

of the micropost array.  Thus, cells cultured on PMAs could be harvested for standard 

biochemical assays with negligible contamination from cells growing on supporting pillars.  (b) 

High magnification SEM images showing arrays of hexagonally arranged circular Si microposts 

with different post heights.  Si microposts used in this work had a uniform post diameter D of 

1.80 µm and a post center-to-center distance m of 4 µm, except for the assays in Supplementary 

Fig. 5.  To modulate the effective rigidity E of the micropost array, micropost height L was 

varied between < 1 μm to about 15 μm.  The spring constant K of the micropost is solely 

determined by its geometry and by the Young’s modules λ of PDMS, and K can be 

approximately calculated using the Euler-Bernoulli beam theory as K = 3πλd4 / (64L3).  The 

spring constant K of the micropost can be converted into an equivalent bulk modulus E of a 

continuous elastic substrate as E = 9K / (2πd)1.  Thus, PMAs generated in this work spanned a 

more than 1,000-fold range of rigidity from about 1.0 kPa to 1,200 kPa.  (c) PMAs fabricated 

using replica molding from the Si micropost master could fit into different sized tissue culture 

dishes (with a diameter up to 100 mm; left) and 6- and 12-well tissue culture plates (right).  
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Supplementary Figure 2 

 

 

 

Supplementary Figure 2.  Rigidity-dependent cell morphology and self-renewal of hESCs.  (a) 

Representative immunofluorescence (top) and SEM (bottom) images showing morphology and 

Oct4 expression of hESCs cultured in growth medium for 1 d on coverslips and rigid (E = 1,200 

kPa) and soft (E = 5 kPa) PMAs.  (b-d) Quantification of cell spread area (b), nucleus area (c), 

and percentage of Oct4+ cells (d) after 1 d of culture in growth medium on coverslips and rigid 

and soft PMAs.  Data represents the mean ± s.e.m with n = 3.  P-values were calculated using 

one way ANOVA followed by Tukey post hoc analysis.  **, P < 0.01.    
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Supplementary Figure 3 
 

 
 

Supplementary Figure 3.  Neuroepithelial cells (NEs) derived from hESCs on soft PMAs could 

more readily form polarized neural tube-like rosettes compared to those from controls.  hESCs 

were cultured on coverslips and rigid (E = 1,200 kPa) and soft (E = 5 kPa) PMAs in neural 

induction medium for the first 6 d before switched to modified neural induction medium 
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supplemented with 20 ng mL-1 bFGF for an additional 4 d.  At day 8, putative pre-rosette NEs 

were passaged onto coverslips and examined for capability to form neural tube-like rosettes.  (a) 

Immunofluorescence for tight junction protein ZO-1, N-cadherin (N-cad), and β-III tubulin (or 

Tuj1, a neuronal form of tubulin) in NEs derived on coverslips (top) and rigid (middle) and soft 

(bottom) PMAs at day 6 (left) and day 10 (right).  After bFGF treatment, NEs derived on soft 

PMAs but not controls became polarized as indicated by N-cad staining.  In addition, fewer 

Tuj1+ neurons were derived from hESCs on controls than from soft PMAs.  Scale bars, 100 µm 

and 20 µm (insert).  (b) Representative phase contrast images showing morphology of NEs on 

coverslips at days 9 - 10.  Notably, polarized neural tube-like rosette structures appeared only for 

NEs derived from soft PMAs (right) but not for those from coverslips (not shown) or rigid PMAs 

(left).  Scale bar, 100 µm.    
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Supplementary Figure 4 
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Supplementary Figure 4.  Screening assay of hESC neuroepithelial induction using coverslips 

(E = 104 kPa) and PMAs covering a broad range of rigidities (E = 1 - 1,200 kPa).  (a) 

Representative immunofluorescence images showing Pax6+ NE cells derived from hESCs 

cultured in neural induction medium for 2, 4, 6, and 8 d on coverslips and PMAs of different 

rigidities.  Scale bar, 100 µm.  (b) Bar plot showing percentage of Pax6+ NEs derived from 

hESCs as a function of both substrate rigidity and differentiation period.  Data represents the 

mean ± s.e.m with n = 3.   
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Supplementary Figure 5 
 

 
 

Supplementary Figure 5.  Rigidity-dependent hESC neuroepithelial induction is not sensitive 

to PDMS micropost geometries.  (a) Table summarizing two sets of PMAs with different post 

diameters D and post center-to-center distances S.  Three PMAs with varying post heights L but 

matching effective moduli E were selected from each PMA set.  (b) Representative 

immunofluorescence images showing Pax6+ NE cells derived from hESCs cultured in neural 

induction medium for 6 d on the PMAs as indiciated.  Scale bar, 100 µm.  (c) Percentage of 

Pax6+ NEs derived from hESCs as a function of substrate rigidity: 14.3% ± 2.5% (coverslip), 9.8% 

± 1.5% (PMA with D = 1.8 µm and E = 1,200 kPa), 10.1% ± 1.5% (PMA with D = 0.8 µm and E 

= 1,200 kPa), 79.1% ± 3.8% (PMA with D = 1.8 µm and E = 3 kPa), 61.7% ± 5.8% (PMA with 

D = 0.8 µm and E = 3 kPa), 83.6% ± 5.3% (PMA with D = 1.8 µm and E = 1 kPa), and 76.7% ± 

2.4% (PMA with D = 0.8 µm and E = 1 kPa).  Data represents the mean ± s.e.m with n = 3.  P-

values were calculated using one way ANOVA followed by Tukey post hoc analysis.  ns, 

statistically not significant and P > 0.05.   
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Supplementary Figure 6 
 

 
 

Supplementary Figure 6.  hESC neuroepithelial induction is sensitive to bulk modulus change 

of flat PDMS substrates.  Flat PDMS substrates were prepared with different curing agent to base 

monomer ratios (w / w) and thus had different bulk moduli E.  (a) Representative 

immunofluorescence images showing Pax6+ NE cells derived from hESCs cultured in neural 

induction medium for 6 d on coverslips and 1:10 (E = 2.5 MPa), 1:70 (E = 5 kPa), and 1:100 (E 

= 0.5 kPa) flat PDMS substrates.  Scale bar, 100 µm.  (b) Percentage of Pax6+ NEs derived from 

hESCs as a function of different substrates: 14.3% ± 2.5% (coverslip), 14.3% ± 1.8% (1:10 

PDMS), 32.5% ± 3.3% (1:70 PDMS), and 27.7% ± 4.9% (1:100 PDMS).  Data represents the 

mean ± s.e.m with n = 3.  P-values were calculated using one way ANOVA followed by Tukey 

post hoc analysis.  **, P < 0.01.     
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Supplementary Figure 7 

 

 
 

Supplementary Figure 7.  qRT-PCR analysis for temporal expression of pluripotency (NANOG 

and SOX2; a&b) and neuroectodermal (PAX6, SOX1, and TUJ1; c-e) markers during neural 

induction of hESCs.  hESCs were cultured in neural induction medium on rigid (E = 1,200 kPa) 

and soft (E = 5 kPa) PMAs.  NANOG, a gene associated with pluripotency, decreased more 

significantly at day 2 on soft PMAs as compared to rigid PMAs.  Expression level of SOX2, 

another pluripotency marker, was reduced only on soft PMAs at day 2 before recovering to a 

level greater than that of undifferentiated hESCs at day 4, consistent with a high SOX2 
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expression level in neural progenitor cells.  Genes associated with neural lineages, including 

PAX6, SOX1 and TUJ1, showed greater levels of expression on soft PMAs at day 2 - 4 when 

compared to rigid PMAs.  The earliest neural markers detected were SOX1 and TUJ1, preceding 

induction of PAX6, which is consistent with previous studies using dual Smad inhibitors2.  

Expression level of each gene was normalized to data from undifferentiated hESCs, except for 

SOX1, which was normalized to data from hESCs cultured on soft PMAs at day 2.  SOX1 

amplification in undifferentiated hESCs or hESCs cultured on rigid PMAs at day 2 was 

undetectable.  Data represents the mean ± s.e.m with at least three biological replicates and three 

technical replicates.  P-values were calculated using two-side unpaired student t-tests.  *, P < 

0.05;  **, P < 0.01.   
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Supplementary Figure 8 

 

 

 

Supplementary Figure 8.  Soft substrates promote neuroepithelial induction of both hESCs and 

hiPSCs.  Representative immunofluorescence images (a) and bar plot (b) showing percentages of 

Pax6+ NEs derived from CHB-10 hESCs and hiPSCs after 6 d of culture in neural induction 

medium on both rigid (E = 1,200 kPa) and soft (E = 5 kPa) PMAs.  Scale bar in a, 100 µm.  Data 

represent the mean ± s.e.m with n ≥ 3.  P-values were calculated using two-side unpaired student 

t-tests.  **, P < 0.01. 
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Supplementary Figure 9 
 

 

 

Supplementary Figure 9.  Soft substrates inhibite neural crest specification of hESCs.  hESCs 

were cultured on coverslips and rigid (E = 1,200 kPa) and soft (E = 5 kPa) PMAs in neural 

induction medium for 8 d before fixed and stained for NC markers p75 (top) and HNK-1 

(bottom).  Scale bar, 100 µm.   
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Supplementary Figure 10 

 

 
 
Supplementary Figure 10.  Soft substrates promote caudalization of neuroepithelial cells (NEs).  

(a) Schematic diagram showing experimental design of caudalization of hESC-derived NEs.  

hESCs were cultured on rigid (E = 1,200 kPa) and soft (E = 5 kPa) PMAs in neural induction 

medium containing the dual Smad inhibitors SB and LDN for 8 d.  Culture medium was 
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supplemented with or without the caudalization factor, retinoic acid (RA), from day 4.  (b) qRT-

PCR analysis of expression levels of anterior (OTX2) and posterior (HOXB1, HOXB4, and 

HOXC8) markers at day 8 as a function of both micropost rigidity and RA supplementation.  

Otx2 is a homeodomain protein expressed by fore- and midbrain cells, while HoxB1, HoxB4, 

and HoxC8 are motor neuron-specific transcription factors.  Data were normalized to GAPDH.  

(c&d) Representative immunofluorescence images (c) and bar plots (d) showing percentages of 

Otx2+ and HoxB4+ neurons derived from hESCs at day 8 without RA supplementation.  Scale 

bar in c, 100 µm.  Data represent the mean ± s.e.m with n ≥ 3.  P-values were calculated using 

two-side unpaired student t-tests.  *, P < 0.05;  **, P < 0.01. 
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Supplementary Figure 11 

 

 
 
Supplementary Figure 11.  Soft substrates promote motor neuron (MN) specification of hESC-

derived neuroepithelial cells (NEs).  (a) Schematic diagram showing experimental design of 

neural induction and patterning of hESCs.  hESCs were cultured on rigid (E = 1,200 kPa) and 

soft (E = 5 kPa) PMAs in neural induction medium containing the dual Smad inhibitors SB and 

LDN for 8 d, before switched to MN differentiation medium containing purmorphamine (Pur), 

basic fibroblast growth factor (bFGF), and retinoic acid (RA) for another 8 d.  RA was removed 

from MN differentiation medium in some assays as indicated in b&c.  (b&c) Representative 

immunofluorescence images (b) and bar plots (c) showing percentages of Olig2+ MN progenitor 

cells at day 16 as a function of both micropost rigidity and RA supplementation.  Olig2 is a 

transcription factor expressed by MN progenitors at the pMN domain of the ventral neural tube.  
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Scale bar in b, 100 µm.  Data represent the mean ± s.e.m with n ≥ 3.  P-values were calculated 

using two-side unpaired student t-tests.  **: P < 0.01.   
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Supplementary Figure 12 
 

 
 

Supplementary Figure 12.  Purity and yield of motor neurons (MNs) derived from hESCs are 

improved on soft PMAs with a shortened 23-day differentiation protocol using modified MN 

differentiation and maturation medium.  (a) Schematic diagram showing experimental design for 

sequential neural induction, patterning, and terminal differentiation of MNs.  hESCs were 

cultured on coverslips and rigid (E = 1,200 kPa) and soft (E = 5 kPa) PMAs in neural induction 

medium containing the dual Smad inhibitors SB and LDN for 8 d and then in the modified MN 

differentiation medium containing SHH, bFGF, and RA for an additional 8 d.  Putative MN 

progenitor cells collected at day 16 were transferred onto coverslips and cultured in the modified 

MN maturation medium containing BDNF, GDNF, CNTF, IGF-1, ascorbic acid, and cAMP for 

another 7 d.  (b-d) Representative immunofluorescence images (b) and bar plots (c&d) showing 

percentages (c) and relative numbers (d) of Tuj1+ neurons and HB9+ MNs at day 23 as a function 

of substrate rigidity.  Scale bar in b, 100 µm.  Percentage of Tuj1+ cells: 14.6% ± 1.3% 
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(coverslip), 10.3% ± 2.5% (rigid PMA), and 32.8% ± 5.7% (soft PMA).  Percentage of HB9+ 

cells: 3.8% ± 0.4% (coverslip), 3.0% ± 0.8% (rigid PMA), and 17.7% ± 1.7% (soft PMA).  

Percentage of HB9+ cells in Tuj1+ cells: 26.8% ± 2.8% (coverslip), 28.9% ± 1.2% (rigid PMA), 

and 56.2% ± 6.7% (soft PMA).  Data in d was normalized to values from coverslip.  Normalized 

number of Tuj1+ cells: 1 ± 0.1 (coverslip), 0.7 ± 0.2 (rigid PMA), and 6.2 ± 0.7 (soft PMA).  

Normalized number of HB9+ cells: 1 ± 0.1 (coverslip), 0.8 ± 0.2 (rigid PMA), and 12.9 ± 1.9 

(soft PMA).  Data represents the mean ± s.e.m with n ≥ 3.  P-values were calculated using one 

way ANOVA followed by Tukey post hoc analysis.  *: P < 0.05; **: P < 0.01.   
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Supplementary Figure 13 
 

 
 

Supplementary Figure 13.  Purity and yield of motor neurons (MNs) derived from hESCs are 

improved on soft PMAs with a standard 35-day differentiation protocol.  (a) Schematic diagram 

showing experimental design for sequential neural induction, caudalization, ventralization, and 

terminal differentiation of MNs.  hESCs were cultured on coverslips and rigid (E = 1,200 kPa) 

and soft (E = 5 kPa) PMAs in neural induction medium containing the dual Smad inhibitors SB 

and LDN for 13 d and then in N2 medium supplemented with RA for another 5 d.  Cells 

collected at day 18 were transferred onto coverslips and cultured in N2 medium supplemented 

with RA and SHH till day 30.  Cells were then switched to modified MN maturation medium 

containing BDNF, GDNF, CNTF, IGF-1, ascorbic acid, and cAMP for another 5 d.  (b-d) 

Representative immunofluorescence images (b) and bar plots (c&d) showing percentages (c) 

and relative numbers (d) of Tuj1+ neurons and HB9+ MNs at day 35 as a function of substrate 

rigidity.  Scale bar in b, 100 µm.  Percentage of Tuj1+ cells: 25.5% ± 1.9% (coverslip), 22.6% ± 
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1.4% (rigid PMA), and 78.7% ± 2.1% (soft PMA).  Percentage of HB9+ cells: 7.3% ± 3.1% 

(coverslip), 7.8% ± 1.2% (rigid PMA), and 47.7% ± 2.3% (soft PMA).  Percentage of HB9+ cells 

in Tuj1+ cells: 27.3% ± 9.8% (coverslip), 34.1% ± 3.6% (rigid PMA), and 60.9% ± 4.4% (soft 

PMA).  Data in d was normalized to values from coverslip.  Normalized number of Tuj1+ cells: 

1 ± 0.1 (coverslip), 1.3 ± 0.1 (rigid PMA), and 7.7 ± 0.7 (soft PMA).  Normalized number of 

HB9+ cells: 1 ± 0.3 (coverslip), 1.9 ± 0.3 (rigid PMA), and 19.1 ± 2.9 (soft PMA).  Data 

represents the mean ± s.e.m with n ≥ 3.  P-values were calculated using one way ANOVA 

followed by Tukey post hoc analysis.  *: P < 0.05; **: P < 0.01.   
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Supplementary Figure 14 
  

 

 

Supplementary Figure 14.  Co-localization of phosphorylated Smad 1/5/8 (p-Smad 1/5/8) and 

YAP in the cell nucleus of hESCs cultured on coverslips undergoing neuronal differentiation, 

indicating that YAP might be required for nuclear translocation of p-Smad 1/5/8.  

Immunofluorescence for Smad 1/5/8 (a) or p-Smad 1/5/8 (b) and YAP in hESCs.  hESCs were 

fixed and immunostained 24 hr after cell seeding (day 0) or after 3 d of culture in neural 

induction medium (day 3).  Scale bars in a&b, 100 µm.    

 

  

NATURE MATERIALS | www.nature.com/naturematerials 23

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NMAT3945

© 2014 Macmillan Publishers Limited. All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nmat3945


24 
 

Supplementary Figure 15 

 

 
 

Supplementary Figure 15.  Characterization of siRNA-mediated knockdown of Lats1 in hESCs.  

(a) qRT-PCR analysis of Lats1 expression in scrambled siRNA (control) and Lats1 knockdown 

(siLats1) hESCs 48 hr after siRNA transfection.  Data represents the mean ± s.e.m with n ≥ 3.  P-

value was calculated using two-side unpaired student t-test.  **: P < 0.01.  (b) Western blotting 

for Lats1, total YAP, and phorsphorylated YAP S127 (p-YAP S127) in scramble control and 

siLats1 knockdown hESCs.  (c) Representative phase contrast images of scramble control (top) 

and siLats1 knockdown (bottom) hESCs 24 hr after cell seeding in growth medium on rigid (E = 

1,200 kPa) and soft (E = 5 kPa) PMAs.  Similar to non-transfected hESCs (not shown), scramble 

control hESCs were flat and spread out on rigid PMAs while appearing round and compact on 
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soft PMAs.  In distinct contrast, Lats1 knockdown hESCs showed flat and well-spread 

morphology on both rigid and soft PMAs, suggesting loss of mechanosensory properties.  Scale 

bar, 100 µm.   
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Supplementary Figure 16   
 

 

 

Supplementary Figure 16.  Immunofluorescence images showing actin microfilaments in 

clusters of and single (insert) hESCs cultured in growth medium on rigid (E = 1,200 kPa) and 

soft (E = 5 kPa) PMAs.  hESCs were either untreated (a) or under treatments with different drugs 

(b) as indicated.  Y27632, a Rho-associated kinase (ROCK) inhibitor; Cytochalastin D (Cyto D), 

an inhibitor of actin polymerization; Lysophosphatidic acid (LPA), an inducer of actin 

polymerization.  Untreated hESCs on rigid PMAs showed mature and thick actin stress fibers, 

whereas actin stress fibers in untreated hESCs on soft PMAs were diffuse and less evident.  

Y27632 treatment had no detectable effect on actin stress fibers.  CytoD treatment led to 

depolymerization of stress fibers.  LPA facilitated formation of actin bundles.  Scale bars in a&b, 50 

µm and 20 µm (insert).  
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Supplementary Figure 17 

 

 

 

Supplementary Figure 17.  Nucleocytoplasmic shuttling of YAP in hESCs is regulated by 

actomyosin contractility and actin cytoskeleton (CSK) integrity.  Immunofluorescence images 

showing subcellular localization of YAP in hESCs on rigid (E = 1,200 kPa) and soft (E = 5 kPa) 

PMAs.  hESCs were cultured for 3 d in neural indcution medium supplemented with DMSO 

(vehicle control; top left), ROCK inhibitor Y27632 (bottom left), actin polymerization inhibitor 

cytochalasin D (CytoD; top right), and RhoA activator lysophosphatidic acid (LPA; bottom 

right).  Scale bar, 100 µm.    
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Supplementary Figure 18 
 

 
 

Supplementary Figure 18.  A putative mechanotransductive process for rigidity-dependent 

neural conversion of hPSCs.  Activin receptor-like kinase receptors ALK4, ALK5, and ALK7 

(inhibited by SB431542) and BMP type I receptors ALK2, ALK3, and ALK6 (inhibited by 

LDN193189) are activated by extracellular physical cues to phosphorylate Smad proteins.  

Substrate rigidity directly affects localization or clustering of these cell surface receptors so that 

their activation and thus downstream Smad phosphorylation are inhibited on soft substrates.  

Extracellular matrix is physically tethered to the actin cytoskeleton through integrin-mediated 

cell adhesions, and many intracellular signaling cascades are regulated by dynamics of the actin 

cytoskeleton.  It has been reported that Lats, an actin-binding protein, is activated during 
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disassembly of actin microfilaments.  Lats phosphorylates YAP, and phosphorylated YAP is 

retained in the cytoplasm by binding to the scaffolding protein 14-3-3.  Non-phosphorylated 

YAP is required for shuttling of phosphorylated SMAD to the nucleus for transcriptional 

regulation, such as the neural differentiation program of hPSCs.   
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SUPPLEMENTARY TABLES 
Supplementary Table 1.  List of primers used in qRT-PCR.  All primers are from Applied 

Biosystems (Life Technologies). 

Gene Symbol ABI Assay ID Unigene ID 

NANOG Hs04260366_g1 Hs.635882 

SOX2 Hs01053049_s1 Hs.518438 

PAX6 Hs00240871_m1 Hs.270303 

SOX1 Hs01057642_s1 Hs.202526 

TUBB3 Hs00801390_s1 Hs.511743 

OTX2 Hs00222238_m1 Hs.288655 

HOXB1 Hs02330304_s1 Hs.99992 

HOXB4 Hs00256884_m1 Hs.664706 

HOXC8 Hs00224073_m1 Hs.664500 

GAPDH Hs99999905_m1 Hs.544577 

 

Primers for SYBR green PCR were designed using NCBI-primer BLAST.  Sequences were as 

follows: LATS1 forward primer:5’-GAATGAAATGATGCGGGTTGGA-3’; LATS1 reverse 

primer: 5’-AGACAGACTTCACCAAATGCT-3’; 18S forward primer: 5’-

GTAACCCGTTGAACCCCATT-3’; 18S reverse primer: 5’-CCATCCAATCGGTAGTAGCG-

3’. 
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Supplementary Table 2.  List of antibodies used in Western blotting and immunocytochemistry. 

Protein Vendor Catalog number Dilution 

Oct4 Santa-Cruz Biotechnology sc-5279 1:200 (ICC) 

Pax6 Covance PRB-278P 1:200 (WB); 1:300 (ICC) 

Sox1 Millipore AB15766 1:200 (WB) 

AP2α Santa-Cruz Biotechnology sc-12726 1:200 (ICC) 

YAP/TAZ Santa-Cruz Biotechnology sc-101199 1:100 (ICC); 1:200 (WB) 

p-YAP S127 Abcam ab76252 1:10000 (WB) 

β-actin Thermo Scientific PIMA515739 1:1000 (WB) 

Lamin A/C Santa-Cruz Biotechnology sc-20681 1:200 (WB) 

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

Otx2 Santa-Cruz Biotechnology sc-292478 1:100 (ICC) 

HoxB4 Santa-Cruz Biotechnology sc-271083 1:100 (ICC) 

Olig2 Santa-Cruz Biotechnology sc-48817 1:100 (ICC) 

HB9 DSHB 81.5C10 1:50 (ICC) 

ChAT Millipore AB144P 1:100 (ICC) 

Smad 2/3 Cell Signaling 8685P 1:1000 (WB) 

Smad 1/5/8 Santa-Cruz Biotechnology sc-6031-R 1:200 (WB); 1:100 (ICC) 

p-Smad 1/5/8 Millipore AB3848 1:500 (WB); 1:100 (ICC) 

p-Smad 2/3 Cell Signaling 8828S 1:1000 (WB) 

Lats1 Abcam ab70562 1:2000 (WB) 

N-cadherin Abcam ab12221 1:100 (ICC) 

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

HNK-1 Sigma C6680  1:10 (ICC) 

p75-NGFR Santa-Cruz Biotechnology sc-58567 1:100 (ICC) 

Islet1 Santa-Cruz Biotechnology sc-30200 1:100 (ICC) 

Tuj1 Santa-Cruz Biotechnology sc-58888 1:100 (ICC) 
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METHODS 
Fabrication and surface functionalization of PDMS micropost arrays (PMAs)  

 The PDMS micropost arrays (PMAs) were batch fabricated using microfabrication 

techniques including photolithography, deep reactive ion etching (DRIE), and replica molding, 

as described previously3.  The design of the Si micropost array master reported previously was 

ideal for single-cell assays such as traction force measurements3.  To facilitate large-scale hPSC 

culture as well as standard biological assays, in this work the design of the Si master was 

modified, so that the total surface area of supporting structures (circular pillars, with a diameter 

of 30 µm) surrounding 1 mm × 1 mm square-shaped micropost arrays occupied < 1% of the total 

surface area of the micropost array.  In most experiments, PMAs were fabricated onto 18-mm 

round coverslips before transferred to standard 12-well tissue culture plates.  To promote cell 

attachment, the top surface of the PMA was functionalized with vitronectin (Trevigen) using 

microcontact printing as described previously3.  It has been reported that vitronectin can support 

the self-renewal of hPSCs4.     

 To facilitate adoption of PMAs by other researchers, we will provide a resource to 

distribute PMAs to any interested scientist. 

 
Culture medium conditions 
 Growth medium contained DMEM/F12 (GIBCO), 20% KnockOut serum replacement 

(GIBCO), 0.1 mM β-mercaptoethanol (GIBCO), 2 mM glutamax (GIBCO), 1% non-essential 

amino acids (GIBCO), and 4 ng mL-1 human recombinant basic fibroblast growth factor (bFGF; 

GlobalStem).   

 Neural induction medium: Growth medium were used as neural induction medium from 

day 1 to day 3.  N2 medium containing DMEM/F12, 1% N2 supplement (GIBCO), 2 mM 

glutamax, and 1% non-essential amino acid were used to gradually replace growth medium from 

day 4 as following: 25% N2 medium and 75% growth medium at day 4, 50% N2 medium and 50% 

growth medium at day 5 and 6, 75% N2 medium and 25% growth medium at day 7, 100% N2 

medium at day 8.  To promote neural induction, TGF-β inhibitor SB 431542 (10 µM; Cayman 

Chemical) and BMP4 inhibitor LDN 193189 (0.1 µM, unless stated otherwise; Selleckchem) 

were added into neural induction medium from day 1.   
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 Motor neuron (MN) differentiation medium contained N2 medium supplemented with 1 

µM retinoic acid (RA; Cayman Chemical), 1 µM purmorphamine (Pur; Cayman Chemical), and 

20 ng mL-1 bFGF.     

 Motor neuron (MN) maturation medium contained basal medium that was a 1:1 mixture 

of N2 and B-27 medium.  B-27 medium contained neurobasal medium (GIBCO), 2% B-27 

supplement (GIBCO), and 2 mM Glutamax.  The following chemicals were added to basal 

medium freshly before each medium exchange: 10 ng mL-1 brain-derived neurotrophic factor 

(BDNF; R&D systems), 10 ng mL-1 insulin-like growth factor 1 (IGF-1; Peprotech), 1 µM cyclic 

adenosine monophosphate (cAMP; Sigma), 0.2 µg mL-1 ascorbic acid (Sigma), 0.1 µM RA, and 

1 µM Pur. 

 All medium were pre-equilibrated at 37°C in 5% CO2 before use. 

 
Cell culture 

hESC line H1 (WiCell) was cultured on mitotically inactive mouse embryonic fibroblasts 

(MEFs;  GlobalStem) in growth medium with daily medium exchange.  Cells were passaged 

every 5 d using the STEMPRO EZPassage Disposable Stem Cell Passaging Tool (Invitrogen).  

Before passaging, differentiated cells were removed manually using a modified pasteur pipette 

under a stereomicroscope (Olympus).  Cells were rinsed briefly with PBS and treated with 

TrypLE Select (Invitrogen) for 2 min to release MEFs.  Cells were rinsed briefly again with PBS 

before all cells, including hESCs and remaining MEFs, were collected using a cell scraper (BD 

Biosciences).  To remove contaminant MEFs, all cells were transferred onto a 60-mm tissue 

culture dish (BD Biosciences) coated with gelatin (Sigma) and incubated for 45 min.  MEFs 

would attach to the dish while hESCs were still in the supernatant.  hESCs in the supernatant 

were collected and centrifuged with the cell pellet re-dispersed in growth medium containing 

Y27632 (10 µM; Enzo Life Sciences).   

Both hESC line CHB-10 (Boston Children's Hospital) and hiPSC line were cultured on 

poly[2-(methacryloyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide] (PMEDSAH) in 

human cell conditioned medium (GlobalStem) as described previously5, before seeded onto the 

PMA by digesting in TrypLE Select.  The hiPSC line was derived from human foreskin 

fibroblasts by over-expression of Oct4, Sox2, Klf4, and c-Myc using the Sendai virus constructs 

(Invitrogen). 
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 When cell passaging was needed for neuroepithelial cells (NEs), cells were first cut into 

small cell aggregates using the STEMPRO EZPassage Disposable Stem Cell Passaging Tool or 

dispase (STEMCELL Technologies) before transferred onto new substrates en bloc.  

 

Immunocytochemistry   
 Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 15 min 

and then permeabilized with 0.1% Triton X-100 (Roche Applied Science) for 20 min at room 

temperature.  Primary antibodies (listed in Supplementary Table 2) were used and detected by 

goat-anti mouse Alexa Fluor 488 and/or goat-anti rabbit Alexa Fluor 546 secondary antibodies, 

except for ChAT staining, which was detected using FITC conjugated bovine-anti goat 

secondary antibody (Santa-Cruz Biotechnology).  Alexa Fluor 555 conjugated phalloidin 

(Invitrogen) was used for visualization of actin microfilaments.  Percentage of marker-positive 

cells was quantified with a custom-developed MATLAB program (MathWorks) using a 

watershed segregation algorithm. 

 
RNA isolation and quantitative real-time PCR (qRT-PCR) analysis   
 Total RNA was isolated from cells using TRIzol (Invitrogen) or RNeasy kit (Qiagen).  

Real-time PCR (RT-PCR) was performed and monitored using an ABI 7300 system (Applied 

Biosystems).  Quantitative real-time PCR (qRT-PCR) was performed with either Taqman-probes 

(for gene expression analysis) or SYBR Green PCR mastermix (for siRNA knockdown).  

Human GAPDH or 18S primers were used as an endogenous control for relative quantifications.  

Samples in which no expression was detected were given an arbitrary Ct value of 40.  All 

analyses were performed with at least three biological replicates and three technical replicates.  

Relative expression levels were determined by calculating 2−∆∆Ct with the corresponding s.e.m.  

 
Western blotting   
 Whole cell lysates were prepared from cells, separated on SDS-polyacrylamide gel, and 

transferred to PVDF membranes.  NE-PER nuclear and cytoplasmic extraction kit (Thermo 

Scientific) was used to obtain cytoplasmic and nuclear protein fractions.  PVDF membranes were 

incubated with blocking buffer (Li-Cor) for 1 hr and then with primary antibodies overnight at 
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4°C.  Blots were then incubated with IRDye secondary antibodies (Li-Cor) for 1 hr before 

protein expression was detected with a Li-Cor Odyssey Sa Infrared Imaging System (Li-Cor). 

 
siRNA knockdown   

 hESCs cultured on vitronectin coated 6-well plates were transfected using DharmaFECT 

1 (Thermo Scientific).  Briefly, cells were plated at 80% confluence and subjected to transfection 

the next day (or day 0) using 25 nM final concentration of siRNA.  After 24 hr, transfected cells 

were passaged onto the PMA for downstream assays.  Two additional siRNA treatments were 

performed at day 2 and 4.  siRNA including Lats1 and scramble control (SMARTpool) was 

purchased from Dharmacon. 

 
Scanning electron microscopy (SEM)   
 Samples were washed 3 times with 50 mM Na-cacodylate buffer (pH 7.3; Sigma-

Aldrich), fixed for 1 hr with 2% glutaraldehyde (Electron Microscopy Science) in 50 mM Na-

cacodylate buffer, and dehydrated in a graded series of ethanol concentrations through 100% 

over a period of 1.5 hr.  Dehydration in 100% ethanol was performed 3 times.  After washing 

with 100% ethanol, dehydrated samples were dried with liquid CO2 using a super critical point 

dryer (Samdri-PVT-3D; Tousimis).  Samples were then mounted on stubs, sputtered with gold 

palladium, observed, and photographed under a Hitachi SU8000 ultra-high resolution SEM 

machine (Hitachi High Technologies America).   

 
Whole-cell patch clamp recording   
 Whole-cell current clamp was performed for functional MNs derived from hESCs using 

pipette electrodes (resistance 3 - 5 MΩ) filled with the following: 140 mM K-gluconate, 4 mM 

NaCl, 1 mM EGTA, 2 mM MgCl2, 0.39 mM CaCl2, 2 mM ATP, 0.3 mM GTP, and 20 mM 

Hepes (pH 7.2; free [Ca2+]i ~ 100 nM).  The standard extracellular (bath) solution (modified 

Tyrode’s solution) contained: 153 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 20 mM 

Hepes, and 10 mM glucose (pH 7.4).  Signals were amplified using an Axopatch 2A patch clamp 

amplifier, digitized with Digidata 1440 at 10 kHz, filtered at 2 kHz, and recorded with the 

Clampex 10.3 acquisition system (Axon instruments).  All experiments were conducted at room 

temperature, and all recordings were analyzed with pClamp 10.3 and Origin 8.0 (OriginLab).  As 
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described previously6, only cells with stable resting membrane potentials < -50 mV were 

considered to be healthy and used for further recording.  Spontaneous action potentials (APs) 

were recorded without current stimulus.  Amplitude of APs was determined by averaging at least 

20 APs.  The instantaneous frequency change or spike frequency adaptation (SFA) and post-

inhibitory rebound (PIR) AP were examined by injecting a depolarizing or hyperpolarizing 

current pulse, respectively.  

 
Statistics  

 For comparisons between two data sets, P-values were calculated using the student t-test 

function in Excel (Microsoft).  For comparisons between multiple data sets, P-values were 

calculated using one way ANOVA analysis followed by the Tukey post hoc test (OriginLab). 
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