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Fig. S1: Schematics showing the preparation of on-chip co-culture system.



Fig. S2: Specificity of hiPSCs induction and evaluation of mixed culture media. (A) Relative gene 
expression of SOX1, FOXG1, EMX1 and PAX6 at organoid day 18 and day 35, n = 3. Two-tailed 
unpaired t-test was used for statistical significance. (B) The protocol for media optimization for co-
culture experiment. (C) The relative gene expression of SOX1, FOXG1, EMX1 and PAX6 for day 35 
organoids cultured in neural differentiation medium (NDM), endothelial growth medium 2 (EGM2) and 
mixed medium (MIX) from day 18 to day 35 on dish, n = 3. Dunnett’s multiple comparison test (one-way 
ANOVA) with control as NDM, was used for statistical significance and only statistically significant 
values are shown. ** denotes p < 0.01, *** denotes p < 0.001, **** denotes p < 0.0001 and “ns” denotes 
not significant (p > 0.05).



Fig. S3: On-chip co-culture of organoids. (A) Bright field (BF) and green fluorescent (GFP) images 
showing organoids and vasculature, respectively, at day 25 and day 35. (B) Confocal image showing 
the perfusability of vascular bed (VB) (shown in green) at day 35 is shown by flowing fluorescent 
rhodamine dextran (shown in red). White dotted circle shows the location of organoid. (C) 
Immunoassays of organoids cultured with and without VB at day 35. Nucleus is stained by DAPI (blue), 
progenitors by SOX2 (magenta), forebrain-specific marker by FOXG1 (white), differentiated neurons by 
CTIP2 (green) and neuroepithelial cells by NES (orange).



Fig. S4: Effect of vascular bed on organoid. (A) Immunostained images showing CTIP2 and SOX2 
expressions of organoids at days 25 and 35 grown with and without vascular bed. (B) The percentage 
of expression of neuronal marker, CTIP2 relative to progenitor marker, SOX2 at day 25 and day 35 with 
and without vascular bed, n = 4. Tukey’s multiple comparisons test (One-way ANOVA) was used for 
statistical significance test. (C) Immunostaining for apoptotic marker, CASP3 at day 35 for COs cultured 
with and without vascular bed. (D) The percentage of CASP3 expression relative to total number of 
cells (stained by DAPI) for organoids grown with and without vascular bed, n = 3. Two-tailed unpaired 
t-test was used for significance test. * denotes p < 0.05, *** denotes p < 0.001 and ns denotes not 
significant (p > 0.05).



Fig. S5: Representative microdissections of outer cortical layer of organoids using UnipicK+ 
(NeuroInDx, Inc., CA, USA). The dotted circle shown in figure separates the outer cortical layer from 
necrotic core. The green bright circle is the tip of the capillary used to collect the cells with UnipicK+. 



Fig. S6: Enriched cluster of angio- and vasculogenesis related genes identified with DAVID 
functional annotation enrichment analysis. 



Fig. S7: GenCLiP literature-based network of angiogenesis related genes.



Fig. S8: On-chip sprouting assay for identified growth factors. (A) The schematic of the 3-channel 
microfluidic device used for evaluation of angiogenesis and vasculogenesis. (B) Time lapse images 
showing the angiogenic sprouts (shown in green) at days 2, 5, 7 and 10 induced by CYR61, HDGF, 
FGF13, sFRP1, MANF, and HRP3 using the angiogenesis assay. The images for control, CYR61 and 
HDGF at day 2 and 10 were reused from the fig.  5B.



Fig. S9: On-chip vasculogenesis assay shows the vascular network formed by identified growth 
factors. (A) Connectivity ratio of the networks formed in the presence of CYR61 and HDGFs, n= 4. 
Tukey’s multiple comparison test (two-way ANOVA) was used for significance test, ns denotes no 
significance p > 0.05. (B) Perfusability of the vascular networks (green) at day 10, by flowing rhodamine 
dextran (red). White arrow shows the flow direction of the rhodamine dextran. (C) Percentage area 
covered by vasculature inside CO grown in the presence of CYR61, HDGF and mixed media at day 10 
of co-culture. The area was calculated using CO cryosections.



Table S1. (separate file)

Angiogenesis-related genes with altered expression at days 31 and 35 of CO-VB co-culture 
identified with DAVID functional annotation clustering and GeneClip (GC) literature search. 
Growth factors are labeled with yellow.

Table S2.

Enriched biological processes identified with DAVID functional categorization tool. EASE 
score = 0.05.

GO Biological Process Term Fold 
Enrichment p value Main 

Process

GO:0001525~angiogenesis 1.63 0.0002 vascular 
syst.

GO:0001666~response to hypoxia 1.56 0.0005

GO:0048545~response to steroid hormone 1.53 0.0003

GO:0030855~epithelial cell differentiation 1.53 0.0000

GO:0010721~negative regulation of cell development 1.52 0.0005

GO:0010769~regulation of cell morphogenesis involved in 
differentiation 1.47 0.0013

GO:0007186~G-protein coupled receptor signaling 
pathway 1.47 0.0002

GO:0051961~negative regulation of nervous system 
development 1.46 0.0029 CNS

GO:0007015~actin filament organization 1.43 0.0048

GO:0001568~blood vessel development 1.42 0.0014 vascular 
syst.

GO:0001944~vasculature development 1.42 0.0009 vascular 
syst.

GO:0022604~regulation of cell morphogenesis 1.42 0.0002

GO:0050801~ion homeostasis 1.41 0.0010

GO:1901652~response to peptide 1.41 0.0028

GO:0032870~cellular response to hormone stimulus 1.40 0.0004

GO:2001233~regulation of apoptotic signaling pathway 1.40 0.0024 apoptosis



GO:1902532~negative regulation of intracellular signal 
transduction 1.39 0.0013

GO:1903829~positive regulation of cellular protein 
localization 1.38 0.0039

GO:0006873~cellular ion homeostasis 1.37 0.0069

GO:0043434~response to peptide hormone 1.36 0.0089

GO:0097190~apoptotic signaling pathway 1.34 0.0010 apoptosis

GO:0007507~heart development 1.34 0.0059 vascular 
syst.

GO:0071363~cellular response to growth factor stimulus 1.32 0.0027

GO:0071407~cellular response to organic cyclic 
compound 1.32 0.0068

GO:0030334~regulation of cell migration 1.32 0.0051

GO:1903827~regulation of cellular protein localization 1.31 0.0021

GO:0043408~regulation of MAPK cascade 1.31 0.0052

GO:0072359~circulatory system development 1.30 0.0011 vascular 
syst.

GO:0072358~cardiovascular system development 1.30 0.0011 vascular 
syst.

GO:0045664~regulation of neuron differentiation 1.30 0.0044 CNS



Table S3.

Primary and secondary antibodies used in the study.

Primary antibodies

Name Host Manufacturer Cat. No. Ratio used

CASP3 Rabbit Cell Signaling 9661S 1:500

CD31 Mouse BD Biosciences 555444 1:300

CD31 (Alexa Fluor 647 conj.) Mouse BioLegend 303111 1:300

CTIP2 Rat Abcam ab18465 1:1000

FOXG1 Rabbit Abcam ab18259 1:1000

NES Mouse Atlas Antibodies AMAb90556 1:1000

SOX2 Goat R&D systems AF2018 1:400

Secondary antibodies



Supplementary Text Data S1. 

Regulation of VEGF regulators and targets agrees with the initiation of angiogenic process at 
day 31 followed by its inhibition by day 35 of co-culture. 

VEGF activating factors included AKT serine/threonine kinase 1 (1) (↑d31), early growth 
response 1 transcription factor, EGR1 (2) (↑d31, ↓d35), Erb-b2 receptor tyrosine kinase 2 (3) 
(ERBP2;↑d31), fibroblast growth factor receptor 1, FGFR1 (4) (↑d31), heme oxygenase 1 (5) (HMOX1; 
↑d31, ↑d35), insulin-like growth factor 2 (6) (IGF2; ↑d31), NOTCH2 (7–9) (↑d31), perlecan (10) (PRCAN, 
↑d31), TPT1 antisense RNA (11) (TPT1-AS1; ↑d31), X-Box Binding Protein 1 (12) (XBP1; ↑d31), Yes 
associated protein 1, YAP1 (13) (↑d31). Silencing of filamin A (FLNA; ↑d31, ↓d35) reduces VEGF 
expression (14). Its elevated and dropped expression levels at days 31 and 35 respectively are in the 
agreement with increased expression of VEGFA at day 31 (Fig. 4).

Expression of VEGFA (↑d31) did not show the same elevation at a later time point (d35) that 
coincides with the significantly reduced levels of multiple VEGF and HIF1A activators including beta-
catenin (15,16) (CNNB1; ↓d35), B-Raf proto-oncogene serine/threonine kinase (17) (BRAF, ↓d35), 
EGF-containing fibulin-like extracellular matrix protein 1 (18) (EFEMP1; ↓d35), enhancer of zeste 
homolog 2 (19) (EZH2; ↓d35), eukaryotic translation initiation factor 4E-like 1 (20) (EIF4E; ↓d35), 
EGR12 (↑d31, ↓d35), ELAV Like RNA Binding Protein 1 (21) (ELAVL1; ↓d35), FLNA (14) (↑d31, ↓d35), 
heat shock 70kDa protein 4 (22) (HSPA4; ↓d35), high mobility group protein 1 (23) (HMGB1; ↓d35), 
insulin-like growth factor 1 receptor (24) (IGF1R; ↓d35), c-Jun proto-oncogene (25) (JUN; ↓d35), 
methyltransferase like 3 (26) (METTL3; ↓d35), mitogen-Activated Protein Kinase 8 (27) (MAPK8; ↓d35), 
and NOTCH1 (28) (↓d35) (Fig. 4).

The expression of VEGFA (↑d31) is directly induced by hypoxia-inducible factor 1-alpha 
(HIF1A; ↓d35) at the transcriptional level under hypoxia (29,30).  Four identified pro-angiogenic 
activators of HIF1A (↓d35) expression were significantly downregulated after one week of coculture 
(Fig. 4). This included BCL2-associated transcription factor 1 (31) (BCLAF1; ↓d35), E3 ubiquitin-protein 
ligase SIAH2 (32,33) (↓d35), filamin A (34) (FLNA; ↑d31; ~↓d35), and histone deacetylase 1 (35–37) 
(HDAC1; ↑d31-↓d35) (Fig. 4).

Interestingly, Filamin A (↑d31; ~↓d35) is an actin binding protein that links actin filaments to 
membrane glycoproteins. Filamin A is involved in remodeling the cytoskeleton to regulate cell shape 

Name Host Anti- Manufacturer Cat. No. Ratio used

Alexa Fluor 488 Donkey Mouse Thermo Fisher A21202 1:1000

Alexa Fluor 488 Donkey Rat Thermo Fisher A21208 1:1000

Cy3 555 Donkey Mouse Jackson 715-165-151 1:1000

Alexa Fluor 568 Donkey Goat Thermo Fisher A11057 1:1000

Alexa Fluor 568 Donkey Rabbit Thermo Fisher A10042 1:1000

Rhodamine Red-X Donkey Chicken Jackson 703-295-155 1:1000

Alexa Fluor 647 Donkey Goat Jackson 705-605-147 1:500

Alexa Fluor 647 Donkey Sheep Thermo Fisher A21448 1:1000

Alexa Fluor 647 Donkey Mouse Thermo Fisher A31571 1:1000



and migration. According to one report, this protein is a liaison between neural progenitor cells and 
vasculature, and its loss of function increases VEGFA production (38). Another report claimed that 
Filamin A physically interacts with HIF1a (↓d35) and promotes angiogenesis (34), therefore decrease 
of Filamin A expression should inhibit hypoxia induced angiogenesis that is in agreement with our data. 
 

Several VEGF inhibitors including apolipoprotein E (39) (APOE, ↑d31), collagen, type XVIII, 
alpha 1 (40), COL18A1 (↑d31), insulin-like growth factor binding protein-3 (41) (IGBP3; ↑d31), and 
pigment epithelium-derived factor (42,43) (PEDF or SERPINF1, ↑d31), and vasohibin 1 (44,45) 
(VASH1; ↑d31) demonstrated elevated expression at day 31, which may contribute to the decrease of 
VEGFA expression by day 35 (Table S2).

Multiple direct targets of VEGF were identified in this study. Breast cancer anti-estrogen 
resistance protein 1 (BCAR1 or CAS1; ↑d31, ~↓d35) is a Src family kinase member activated by VEGF 
that induces angiogenic sprouting (39,46). ISL LIM homeobox transcription factor 1 (ISL1; ↓d31, ↓d35) 
promotes postnatal angiogenesis acting on endothelial cells and increasing VEGF production (47–50). 
ISL1 is regulated via VEGF and its suppression reduces retinal angiogenesis in vivo (51).  Tumour 
necrosis factor receptor superfamily, member 25 (TNFRSF25, ↓d35) is a member of the TNF-receptor 
superfamily that mediates apoptosis and induces angiogenesis via VEGFA (52,53). Other VEGF co-
regulated factors downregulated in d35 include insulin-like growth factor 1 receptor (54) (IGF1R; ↓d35). 
Other pro-angiogenic targets of VEGFA included annexin 2 (55,56) (ANXA2; ↑d31), inhibitor of DNA 
binding 1 (57) (ID1; ↑d31, ↓d35), insulin like growth factor binding protein 7, IGFBP7 (58,59) (↑d31), 
and LIM domain only 2 (60) (LMO2; ↑d31).

Several identified genes were both VEGFA targets and regulators representing either positive 
or negative feedback loops. For example, AKT1 (61) (↑d31) and YAP1 (↑d31) activate VEGFA (62) 
(↑d31) expression via HIF1A (↓d35) and both are in the positive feedback loop being activated by VEGF 
to ensure proper angiogenic response. Silencing of AKT in HUVECs significantly inhibits VEGF induced 
capillary-like tube formation (63).  Other positive feedback loops included VEGF activators EGR1 (64) 
(↑d31, ↓d35), EZH2 (65) (↓d35), FGF2 (66) (↑d31), JUN (67) (↓d35), IGF2 (68) (↑d31) and NOTCH1 
(69) (↓d35) (Fig. 4).



Supplementary Text Data S2. 

Other pro-angiogenic factors and pathways are regulated in accordance with observed CO’s 
angiogenic response.

Mutations in Lamin A (LMNA; ↑d31) result in dilated cardiomyopathy characterized by impaired 
angiogenesis and nitric oxide (NO) production (70). L-lactate dehydrogenase A chain (LDHA; ↑d31) 
catalyses the conversion of L-lactate and NAD to pyruvate and NADH in the anaerobic glycolysis. 
Because glycolysis is one of the major sources of adenosine 5'-triphosphate (ATP) required for 
extensive endothelial cell outgrowth from existing vascular network during angiogenesis, inhibition of 
key glycolytic enzymes including LDHA directly affects tip cell differentiation and sprouting 
angiogenesis (71,72). Moreover, direct release of LDHA from damaged neurons triggers and its 
inhibition suppresses angiogenesis CNS angiogenesis in vivo (73).  Inhibition of serine/threonine 
protein kinase 26 (STK26 or MST4; ↑d31) promotes apoptosis and silences angiogenesis in 
retinoblastoma mice (74).  Inhibitors of angiogenesis programmed cell death 5 (PDCD5; ↓d35) 
facilitates p53-dependent apoptosis (75). Loss of PDCD5 in endothelial cells increases microvessel 
sprouting in vitro (76), while its overexpression reduces angiogenesis of osteosarcoma cells via TGF-
β1/Smad signaling pathway (77).
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