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Abstract

A lack of well-established animal models that can efficiently represent human brain pathology has
led to the development of human induced pluripotent stem cell (hiPSC)-derived brain tissues.
Brain organoids have enhanced our ability to understand the developing human brain and brain
disorders (e.g., Schizophrenia, microcephaly), but the organoids still do not accurately recapitulate
the anatomical organization of the human brain. Therefore, it is important to evaluate and optimize
induction and signaling factors in order to engineer the next generation of brain organoids. In this
study, the impact of hyaluronic acid (HA), a major brain extracellular matrix (ECM) component
that interacts with cells through ligand-binding receptors, on the patterning of brain organoids
from hiPSCs was evaluated. To mediate HA- binding capacity of signaling molecules, heparin was
added in addition to HA or conjugated to HA to form hydrogels (with two different moduli). The
neural cortical spheroids derived from hiPSCs were treated with either HA or heparin plus HA
(Hep- HA) and were analyzed for ECM impacts on neural patterning. The results indicate that
Hep-HA has a caudalizing effect on hiPSC-derived neural spheroids, in particular for stiff Hep-HA
hydrogels. Wnt and Hippo/Yes-associated protein (YAP) signaling was modulated (using Wnt
inhibitor IWP4 or actin disruption agent Cytochalasin D respectively) to understand the underlying
mechanism. IWP4 and cytochalasin D promote forebrain identity. The results from this study
should enhance the understanding of influence of biomimetic ECM factors for brain organoid
generation.
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INTRODUCTION

Various types of brain spheroids or organoids have been derived from human induced
pluripotent stem cells (hiPSCs) recently to study neurological diseases (e.g., microcephaly)
and virus infection (e.g., ZIKV virus),1~9 and for drug screening.1 While some key features
(such as cortical layer separation) make these spheroids or organoids attractive in modeling
neurological diseases and brain development, full resemblance to the human brain is still not
achieved, and the brain tissues are usually developmentally immature.>11 Therefore, the
spatially compartmentalized microenvironments and the spatial-temporal regulation of the
induction factor gradients become important in developing the next generation of brain
organoids.11:12

During brain organoid formation, extracellular matrix (ECM) hydrogels,11-1° such as
Matrigel,! collagen gels,18 and poly(ethylene glycol) (PEG) hydrogels,1”-19 can provide
instructive extracellular signals for hiPSC self-assembly into aggregates and facilitate neural
tissue development.8 Matrigel is an undefined extract derived from mouse Engelbreth-Holm-
Swarm tumors and composed of 60% laminin. PEG is similar to the ECM as far as its
hydration properties, molecular weight, and organic nature. As a synthetic hydrogel, it is not
chemically similar to sugar or proteins in the brain. A novel hydrogel, Amikagel (modified
based on PEG), was reported for islet organoid formation and shown to enhance islet-
specific marker expression.29 A chemically defined hydrogel composed of hyaluronan and
chitosan protonated with formic acid was recently reported for cerebral organoid generation
from hPSCs.2! Taken together, the importance of cell-matrix interactions during organoid
formation was recognized recently 11.22

Hyaluronan, also called hyaluronic acid (HA), is a biodegradable polymer that is a part of
brain ECM?23 and has been successfully used to improve transplantation survival rates of
neural progenitor cells.24=28 Due to its brain-mimetic and fully defined properties, HA is a
strong hydrogel candidate for brain tissue engineering and transplantation.2’ Effects of HA
on cells have been found to be mediated by the interaction of HA with several receptors
including CD44, the receptor for hyaluronic-acid-mediated motility (RHAMM), and
intercellular adhesion molecule 1 (ICAMI).2% HA hydrogels also have tunable mechanical
properties (e.g., elastic modulus) and can be grafted with other ECM proteins or
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functionalized with adhesive peptides (e.g., RGD) or growth-factor-binding factors (e.g.,
heparin).30-34 Therefore, HA is suitable to be used in the culture system for brain organoid
generation from hiPSCs.

Heparin, an analog of heparan sulfate proteoglycans (HSPG),3%:36 is a glycosaminoglycan
with neurotrophic factor binding ability and may be a modulator for the Wnt pathway.37 It
was suggested that heparin plays a biphasic role in modulating Wnt signaling.38 Heparin
upregulates Wnt3a expression at an early induction stage (mesoderm) but inhibits Axin2, a
downstream effector of Wnt, at a later stage. For ectoderm, heparin was reported to activate
Wht signaling through inducing glycogen synthase kinase-38 (GSK-3p) inhibition and S-
catenin stabilization.3? Similarly, the core protein of HSPGs is important for Wnt protein
stabilization.4? The aggregation of Wnt proteins in aqueous environments is prevented by
direct interaction between proteoglycans and Wnt proteins.4? Heparin also contributes to the
accumulation of secreted Frizzled-related proteins (SFRPs), which act as a biphasic
modulator of Wnt, either by direct stabilization or by stabilization of sulfated SFRPs.41
While HA-based hydrogels functionalized with heparin have been evaluated for cell
transplantation and growth factor release, their influence on the Wnt pathway, which can
pattern neural tissue derived from hiPSCs along the rostral and caudal brain identity,*243 for
brain organoid formation has not been well understood.

The objective of this study is to investigate the synergistic effects of heparin and hyaluronic
acid on neural patterning of hiPSCs for applications in brain organoid engineering and
disease modeling. Geltrex, a similar ECM mixture to Matrigel, and Gelatin (GA), a common
type of ECM derived from collagens, were included for comparison. The regional identity
markers were compared for Geltrex (in the control group), Gelatin, HA, and heparin-HA
groups. Furthermore, the heparin-HA hydrogels were characterized for use on spheroid
patterning. The heparin-HA group promotes caudal tissue identity possibly by activation of
canonical Wnt signaling. Therefore, the effects of Wnt inhibitor IWP4 and the actin
disruption agent Cytochalasin D were evaluated. This study should facilitate the rational
design of defined hydrogels and the control of induction factor gradients for brain organoid
generation with biomimetic physiology.

MATERIALS AND METHODS
Undifferentiated hiPSC Culture.

Human iPSK3 cells were derived from human foreskin fibroblasts transfected with plasmid
DNA encoding reprogramming factors OCT4, NANOG, SOX2, and LIN28 (kindly provided
by Dr. Stephen Duncan, Medical College of Wisconsin).#44%> Human iPSK3 cells were
maintained in mTeSR serum-free medium (StemCell Technologies, Inc., Vancouver,
Canada) on a growth factor reduced Geltrex-coated surface (Life Technologies).#6 The cells
were passaged by Accutase every 5-6 days and seeded at 1 x 106 cells per well of a six-well
plate in the presence of 10 £M Y27632 (Sigma) for the first 24 h.43.46.47
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ECM Preparation.

Gelatin solution was prepared by adding the gelatin B powder (Sigma-Aldrich) to sterile
phosphate buffer saline (PBS) solution at 6-12 mg/mL. Hyaluronic acid sodium salt powder
(HA; 200 kDa, Sigma-Aldrich) was dissolved in sterile PBS at 6-12 mg/mL. For heparin-
HA conditions, the heparin (Sigma-Aldrich) was added to HA solution at 10 pg/mL. All the
ECMs were added at day 17 or day 9 of cell culture on the plates coated with 1% geltrex.
The resulting concentrations of ECMs were at 0.5 wt % (5 mg/mL) for GA, 0.5 wt % (5
mg/mL) for HA, and 10 ug/mL for heparin. For control conditions, no ECM was added. The
cells were maintained in the ECM-containing media for 4-5 days and then harvested for
staining or quantification.

Preparation of Heparin-HA Hydrogels through Photo-Cross-Linking.

Heparin-HA hydrogels were prepared using a modified procedure.*® Briefly, to synthesize
methacrylated hyaluronic acid (MA-HA), 1% (w/v) HA solution was reacted with a 3.5-fold
molar excess amount of methacrylic anhydride (Sigma) for 15 h in the dark at 4 °C while
maintaining pH at 8—11 using 1 N NaOH. The final product was collected by precipitating
the solution in a 5-fold volume of ethanol twice and purified by dialysis against deionized
water (DIW) using a dialysis membrane (3.5 kDa Mw cutoff, Thermofisher) to remove
unreacted reagents. Purified MA-HA was filtered, lyophilized, and stored at —20 °C until
further use. 'H NMR spectroscopy (a Bruker Avance 111 400 MHz spectrometer) was used to
analyze the degree of methacrylation (Supporting Information Figure S1).

To synthesize thiolated heparin (Hep-SH), 10 mg/mL of heparin sodium salt was reacted
with 1.75-fold 1-ethyl-3-[3-dimethylamino]- propyl]carbodiimide (EDC), 1.75-fold 1-
hydroxy-benzotriazole hydrate (HOBt), and 2-fold cysteamine (all from Sigma) for 5 h with
stirring at room temperature while maintaining the pH at 6.8 with 0.1 M NaOH and/or HCI
solution.*® The reaction solution was exhaustively dialyzed using a dialysis membrane (3.5
kDa Mw cutoff) to remove unreacted reagents. Then, a 10-fold molar excess of dithiotreitol
(DTT, ThermoFisher) was added to the solution and reacted for 3 h at pH 7.5 to free thiol
groups. After that, pH was adjusted to 3.5 by adding 1.0 N HCI to stop the reaction. The
acidified solution was dialyzed against a dilute HCI at pH 3.5 buffer containing 100 mM
NaCl, followed by dialysis against dilute HCI at pH 3.5. Hep-SH was further purified by
running a PD-10 desalting column (Sigma) and lyophilized. The conversion from COOH to
SH was tested by Ellman assay at 412 nm (Supporting Information Figure S2). Purified
Hep-SH was filtered, lyophilized, and stored at —20 °C until further use.

Hep-SH and HA-MA were dissolved in PBS at a 1:1 molar ratio of thiol/acrylate. The
solution of 0.01% (w/v) Eosin Y was added to the polymer precursor solution as a photo
initiator, and the pH of the reaction mixture was adjusted to 7.8. The precursor mixture (2 wt
%, 70 1) was then transferred to a clean glass slide and covered with a clean coverslip with
300 um thickness and photopolymerized under 525 nm green LED light exposure for 15
min. The 4 wt % precursor solution was also used to make a Hep-HA hydrogel with a higher
modulus. Mechanical properties for Hep-HA hydrogels were measured with a Discovery
Hybrid Rheometer (TA Instruments, USA) using a constant strain of 30% with a frequency
sweep from 0.1 to 10 rad/s at 37 °C. The fully swollen state hydrogels were obtained by
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incubating them in PBS for 2 days (pH 7.4, 37 °C). The swelling ratio of hydrogels was
analyzed by the weight ratio of fully swollen state (Ws) to dry (lyophilized) state (Wd) as
Ws/Wd.

Effects of Different ECMs on Pluripotency and Three-Germ Layer Markers.

To evaluate the impact of these ECMs on the differentiation potential, the cells were treated
with the ECMs for 10 days in mTeSR culture medium and low attachment 24-well plates. At
day 10, the cells were replated onto tissue-culture-treated plates and used for further imaging
and quantitative analysis. The pluripotency of the cells was evaluated for Oct4 and Nanog
expression. The differentiation potential was evaluated using three-germ-layer markers: p-
tubulin 11 (ectoderm), Nkx 2.5 (mesoderm), and FOXA2 (endoderm).

Cortical Spheroid Differentiation of hiPSCs.

Human iPSK3 cells were seeded into Ultra-Low Attachment (ULA) 24-well plates (Corning
Incorporated, Corning, NY) at 3 x 10° cells/well in differentiation medium composed of
Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) plus 2% B27
serumfree supplement (Life Technologies). Y27632 (10 xM) was added during the seeding
and removed after 24 h. At day 1, the cells formed spheroids and were treated with dual
SMAD signaling inhibitors 10 MM SB431542 (Sigma) and 100 nM LDN193189 (Sigma).
50.51 After 8 days, the cells were treated with fibroblast growth factor (FGF)-2 (10 ng/mL,
Life Technologies, also known as basic FGF, i.e., bFGF) and retinoic acid (RA; 5 tM,
Sigma) until day 16. At day 17, the spheroids were replated onto geltrex-coated tissue
culture plates together with different ECMs (Table 1). For some experiments, different
ECMs were added to the culture at day 8. For hydrogel experiments, a total of 20 uL per
well of sterilized Hep-HA hydrogel precursors were transferred into a 96-well plate and
photo-cross-linked for 15 min before spheroids were replated. The replated spheroids within
hydrogels were stained for immunocytochemistry assays, dissociated (by trypsin/EDTA) for
flow cytometry assay, and isolated for mRNA analysis.

Immunocytochemistry.

Briefly, the samples were fixed with 4% paraformaldehyde (PFA) and permeabilized with
0.2-0.5% Triton X- 100. The samples were then blocked for 30 min and incubated with
various mouse or rabbit primary antibodies (Supporting Information Table S1) for 4 h. After
washing, the cells were incubated with the corresponding secondary antibody: Alexa Fluor
488 goat anti-Mouse 1gG1, Alexa Fluor 594 goat anti-Rabbit IgG, or 594 donkey antigoat
IgG (Life Technologies) for 1 h. The samples were counterstained with Hoechst 33342 and
visualized using a fluorescent microscope (Olympus 1X70, Melville, NY) or a confocal
microscope (Zeiss LSM 880). The images from five independent fields (800—1000 cells)
were analyzed using ImageJ software. The intensity was calculated based on the area of the
marker of interest normalized to the nuclei, indicating the relative expression among
different conditions.>0:52 For the 5- bromo-2’-deoxyuridine (BrdU) assay, the cells were
incubated in a medium containing 10 4M BrdU (Sigma) for 4 h. The cells were then fixed
with 70% cold ethanol, followed by a denaturation step using 2 N HCI/0.5% Triton X-100
for 30 min in the dark. The samples were reduced with 1 mg/mL sodium borohydride for 5
min and incubated with mouse anti-BrdU (1:100, Life Technologies) in a blocking buffer
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(0.5% Tween 20/1% bovine serum albumin in PBS), followed by Alexa Fluor 488 goat anti-
Mouse IgG1 (Molecular Probes). The cells were counterstained with Hoechst 33342 and
analyzed using a fluorescent microscope and the ImageJ software.

Flow Cytometry.

To quantify the levels of various neural marker expressions, the cells were harvested by
trypsinization and analyzed by flow cytometry. Briefly, 1 x 108 cells per sample were fixed
with 4% PFA and washed with staining buffer (2% fetal bovine serum in PBS). The cells
were permeabilized with 100% cold methanol, blocked, and then incubated with various
primary antibodies (Supporting Information Table S1; for 1-4 h) followed by the
corresponding secondary antibody (for 30—60 min) Alexa Fluor 488 goat anti-Mouse 1gG;
or Alexa Fluor 594 Goat Antirabbit or Donkey Anti-Goat 1gG. The cells were acquired with
BD FACSCanto Il flow cytometer (Becton Dickinson) and analyzed against isotype controls
using FlowJo software.

Western Blotting.

Cells were pelleted, washed with ice cold PBS, and lysed in a hypotonic buffer containing
20 mM HEPES (pH 7.4), 10 mM KCI, 2 mM MgCl, 1 mM EDTA, 1 mM EGTA, and 1%
fresh DTT. Lysates were examined under a microscope to ensure only nuclei were visible.
The lysate was centrifuged at 800g for 5 min to separate nuclei and cytoplasmic fractions.
NP-40 buffer was added to lyse and resuspend the nuclei pellet. Protein concentration of the
lysed samples was determined via Bradford assay. Protein lysate concentration was
normalized, and 20 (g of each sample was resolved on a 10% running/4% stacking SDS-
PAGE gel for 20 min at 100 V and then at 200 V until the end. Proteins were then
transferred onto nitrocellulose membranes at 100 V for 1 h. Then the blots were blocked
with 3% milk TBS-Tween 20 (TBST) solution for 30 min. After blocking, the blots were
probed with 0.05 pg/mL active B- catenin, 1:10,000 S-tubulin (endogenous cytoplasmic
control), or lamin B1 (endogenous nuclear control) antibody in 3% milk/TBST overnight at
4 °C. After washing with TBST, each blot was incubated with 1:10 000 antirabbit or
antimouse Li-Cor (Linclon, NE) infrared secondary antibody for 1 h. Finally, blots were
washed with TBST, and imaged on a Li-Cor Odyssey imager.

Biochemical Assays.

The cells were evaluated for viability using a Live/Dead staining kit (Molecular Probes).
After 72 h, the cells were incubated in DMEM-F12 containing 1 ¢M calcein-AM (green)
and 2 (/M ethidium homodimer | (red) for 30 min. The samples were imaged under a
fluorescent microscope (Olympus IX70, Melville, NY). Using ImageJ software, the viability
was analyzed and calculated as the percentage of green intensity over total intensity
(including both green cells and red cells). For MTT assay, the replated neural cells were
incubated with 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide
(MTT, Sigma) solution. The absorbance was measured at 500 nm using a microplate reader
(Bio-Rad iMark).
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Effects of IWP4 and Cyto D.

To evaluate the Wnt signaling impact, the cells at day 8 were treated with Wnt inhibitor
IWP4 (5 1M, Stemgent) together with different ECMs. The cells grown in medium
containing IWP4 alone were kept as the control. The medium was replaced every 2 days,
and the cells were replated at day 16. The replated cells were analyzed for
immunocytochemistry or flow cytometry at day 20. The neural cells were immunostained
for hindbrain markers HOXBA4, ISL1, and forebrain markers TBR1 and PROX1. To evaluate
the impact of Hippo/YAP signaling, the stress fiber disruptor Cytochalasin D (2 1M, Sigma)
was added to the replated cells together with the ECMs at day 16. The cells were then
analyzed for immunocytochemistry or flow cytometry at day 20. Hindbrain marker HOXB4
and forebrain ventral marker PROX1 were analyzed.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analysis.

Total RNA was isolated from neural cell samples using the RNeasy Mini Kit (Qiagen,
Valencia, CA) according to the manufacturer’s protocol followed by treatment with the
DNA-Free RNA Kit (Zymo, Irvine, CA). Reverse transcription was carried out using 2 wg of
total RNA, anchored oligo-dT primers (Operon, Huntsville, AL), and Superscript 111
(Invitrogen, Carlsbad, CA; according to the protocol of the manufacturer). Primers specific
for target genes (Supporting Information Table S2) were designed using the software Oligo
Explorer 1.2 (Genelink, Hawthorne, NY). The gene SB-actin was used as an endogenous
control for normalization of expression levels. Real-time RT-PCR reactions were performed
on an ABI7500 instrument (Applied Biosystems, Foster City, CA), using SYBR1 Green
PCR Master Mix (Applied Biosystems). The amplification reactions were performed as
follows: 2 min at 50 °C; 10 min at 95 °C; and 40 cycles of 95 °C for 15 s, 55 °C for 30 s, and
68 °C for 30 s. Fold variation in gene expression was quantified by means of the
comparative Ct method: 2—(Ct-treatment - Ct-control) \whjch is based on the comparison of
expression of the target gene (normalized to the endogenous control B-actin) among
different conditions.

Statistical Analysis.

Each experiment was carried out at least three times. The representative experiments were
presented, and the results were expressed as mean * standard deviation. To assess the
statistical significance, one-way ANOVA followed by Fisher’s LSD post hoc tests or two-
way ANOVA followed by Tukey’s post hoc tests were performed. A pvalue < 0.05 was
considered statistically significant.

RESULTS

Heparin-Hyaluronic Acid Promotes Ectoderm Differentiation.

Stem cells’ fate decisions are influenced by their interactions with the local
microenvironment. Thus, hiPSCs were treated with ECMs in mTeSR medium for 10 days to
examine their spontaneous differentiation. The cells replated at day 10 were immunostained
for pluripotency markers Oct-4 and Nanog and three germ layer markers including S-tubulin
I11 (ectoderm), Nkx2.5 (mesoderm), and FOXAZ2 (endoderm; Figure 1A, Supporting
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Information Figure S3). The numbers of Oct-4* and Nanog* cells decreased for the three
ECM groups compared to the control (the Geltrex), indicating spontaneous differentiation
(Supporting Information Figure S3) For three-germ layer markers quantified by flow
cytometry, more cells in the HA-treated group expressed mesodermal marker Nkx2.5 (38.2
+ 4.3% vs 14.0 = 0.8%) compared to the control (Figure 1B,C). The cells with heparin plus
HA treatment expressed a higher level of ectodermal marker g-tubulin 111 (35.6 + 7.4% vs
19.2 + 3.9%) compared to the control, suggesting that Hep-HA favors neural differentiation
(Figure 1B,C).

Effect of Hep-HA Condition on Neural Tissue Patterning.

The influence of Hep-HA on neural patterning of hiPSC-derived cortical spheroids was then
evaluated. The hiPSCs were induced toward cortical neural lineage with LDN/SB treatment
(dual SMAD inhibition) followed by FGF-2/RA treatment for 16 days (Supporting
Information Figure S4).59The neural progenitor cell (NPC) spheroids were replated and
treated with three types of ECMs at day 1 after replating. At day 16 + 5, the cells were
analyzed for cell viability and patterning effect. Hep-HA group had higher MTT activity and
viability compared to the control, while the HA group had lower viability than the control
(Supporting Information Figure S5). Neural cells for the three groups displayed 15-33% of
Nestin (early neural progenitors) and 78-88% of S-tubulin 111 (neurons) expression
(Supporting Information Figure S6). The replated outgrowth was then immunostained for
hindbrain markers HOXB4 (hindbrain/ spinal cord) and ISL1 (a marker for motor neurons)
and forebrain markers TBR1 (a deep cortica layer VI marker), PROX1 (a marker for
forebrain hippocampus neural progenitos), BRN2 (a superficial cortical layer 11-1V marker),
and PAX6 (a forebrain marker). GA treatment resulted in similar expression for the
forebrain markers compared to the control (Figure 2A,B). The expression of hindbrain
markers HOXB4 and ISL1 was higher for the Hep-HA group compared to the control
(Figure 2B). Meanwhile, Hep-HA reduced the expression of forebrain markers TBR1,
PROX1, and PAX6 (Figure 2A,B). RT-PCR analysis showed lower TBR1 and PROX1
expression for the HA and Hep-HA groups compared to the control (Figure 2C). While
higher HOXB4 expression was observed, the difference was not statistically significant.

The cells were also stained for inhibitory and excitatory neurotransmitter markers glutamate
and GABA. Abundant expression of glutamate and GABA were observed for all groups
(Supporting Information Figure S7). The results indicate that Hep-HA may promote the
expression of hindbrain/spinal cord neurons and reduce the expression of forebrain neurons.

Stage-Dependent Impact of ECMs on Neural Tissue Patterning of hiPSCs.

To understand the stage-dependent impact of the Hep-HA on the neural patterning, the cells
were treated with different ECMs at day 8 in comparison to day 16. Immunostaining and
flow cytometry analysis were performed to evaluate the expression of various markers. The
Hep-HA treatment at day 16 had higher HOXBA4 than the GA and HA groups, but the Hep-
HA treatment at day 8 had similar HOXB4 to the GA group, only higher than the HA group
(Figure 3A,B). The Hep-HA treatment had higher ISL1 than the GA group based on
immunostaining, but not flow cytometry (Figure 3A,B). For forebrain markers, the Hep-HA
group had reduced TBR1 and PROX1 expression compared to the GA and HA groups based
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on immunostaining (Figure 3A). On the basis of flow cytometry, the Hep-HA group had
reduced TBR1 compared to the HA group, but not the GA group. Variations exist for
immunostaining image analysis and flow cytometry analysis, and flow cytometry analysis
showed no significant difference among different groups for PROX1. Taken together, the
caudalization effect of Hep-HA was mainly observed for day 16 conditions rather than day 8
conditions. As the differentiation protocol induces neural cells of forebrain identity by
default, the results indicate that the Hep-HA may promote hindbrain marker expression at a
later stage of neural development.

Neural Cell Spreading, Stress Fiber Formation, and YAP Localization.

The neural spheroids grown with different ECMs were evaluated for spheroid spreading and
stress fiber formation. The cell spreading for the GA group was comparable to the control
cells (Figure 4), while the cells in the HA group showed less adhesion compared to the GA
group. The addition of heparin to the HA group improved cell adhesion and spreading
(Figure 4A). In addition, the cells grown with GA and Hep-HA developed large actin
assemblies compared to the HA group (Supporting Information Figure S8A). BrdU staining
showed that more positive cells were found for the control and GA groups (e.g., 58.9

+ 11.4% and 46.7 + 10.0% respectively), but fewer BrdU+ cells for the HA and Hep-HA
groups (e.g., 26.3 £ 12.4% and 37.4 + 6.7%, respectively; Supporting Information Figure
S8B).

The cell morphological changes involve the relocalization of transcriptional regulatory
factors YAP/TAZ. For the spheroids, the YAP expression on GA was more cytoplasmic
(Figure 4Bi,Biii and Supporting Information Figure S9). The HA-treated neural cells
expressed more nuclear YAP compared to the GA-treated cells, which might be due to HA-
mediated attenuation of Hippo signaling by CD44 receptor expression.>* High expression of
nuclear YAP was observed for the Hep-HA group, suggesting that heparin may affect YAP
localization (Figure 4Bi and Supporting Information Figure S9). Previous studies have
shown that there exists a crosstalk between Wnt/ S-catenin and YAP signaling.43:5% So the
expression of active g-catenin was evaluated in our study (Figure 4Bii,C, and Supporting
Information Figure S10). Neural cells grown with GA express less active g-catenin. In
particular, the Hep-HA group has the highest ratio of nuclear to cytoplasmic active g
catenin and nuclear active S-catenin expression. Therefore, the Hep-HA group may promote
the activation of canonical Wnt signaling.

Impacts of Signaling Inhibition Molecules on Neural Patterning Effect of ECMs.

In order to further understand the impact of different ECMs on neural patterning, the neural
cells with ECMs were treated with Wnt inhibitor IWP4 (Figure 5 and Supporting
Information Figure S11). Through quantification by flow cytometry, the results showed that
GA+IWP4 treatment reduced ISL1 and PROX1 expression, while IWP4 treatment reduced
ISL1 and increased TBR1 expression for the HA group. The cells treated with Hep-HA and
IWP4 had reduction in HOXB4 and increased TBR1 expression. These results indicate that
cells with Hep-HA may exhibit elevated Wnt signaling.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bejoy et al.

Page 10

Next, the impact of Hippo/YAP signaling was evaluated via cytochalasin D treatment
(induces cytoplasmic YAP and inhibits Wnt signaling). The cells were examined for HOXB4
and PROX1 expression using flow cytometry analysis (Figure 6). The cyto D treatment
increased the rostral brain marker PROX1 expression and decreased the expression of caudal
marker HOXBA4 for the Hep-HA group. These results suggest the crosstalks of a YAP-
mediated patterning effect with canonical Wnt signaling.

Preparation and Characterization of Hep-HA Hydrogels and Effects of Modulus.

Storage moduli of the stiff (4 wt %) and soft (2 wt %) hydrogels before and after swelling
were measured to analyze mechanical properties of hydrogels. The light exposure times of
15, 30, and 45 min were examined. With 15 min-lighting, hydrogels reached an equilibrium
state for cross-linking. However, when lighting for 45 min (data not shown), the storage
modulus decreased possibly due to thermal degradation. The stiff hydrogels exhibited higher
storage moduli and lower swelling ratios, indicating a tighter polymer network and higher
cross-linking density than the soft hydrogels (Figure 7). After soaking in PBS for 2 days, the
storage modulus of 2 and 4 wt % Hep-HA decreased from 573 + 46 Pa to 333 + 60 Pa and
from 1762 + 197 Pa to 1176 + 137 Pa, respectively (Table 2). A lower swelling ratio was
observed for 4 wt % Hep-HA as 29.4 + 3.2 than 47.9 £ 7.3 for 2 wt % Hep-HA hydrogel.

Cortical spheroids were encapsulated within Hep-HA hydrogels of two different moduli (2
and 4 wt %; Figure 8A). On the basis of the expression of F-actin, the 4 wt % hydrogel
promoted the stretching of F-actin compared to the 2 wt % hydrogel (Figure 8B). The YAP
localization showed more nuclear YAP for cells grown in the higher modulus hydrogel
compared to the lower modulus (Figure 8B). Flow cytometry analysis showed that the cells
within hydrogels with a higher modulus expressed the higher level of hindbrain marker
HOXB4 (24.4 + 0.9%) compared to the hydrogels with a lower modulus (14.4 £ 4.4%;
Figure 8B,C). In the meanwhile, the expression of forebrain marker TBR1 by the cells in the
lower modulus hydrogels was elevated (35.4 + 3.5%) compared to the hydrogels with a
higher modulus (17.0 £ 3.0%; Figure 8C). The cells also expressed another cortical marker
BRN2 and hippocampal marker PROX1 (Supporting Information Figure S12). To further
confirm the results, the cells treated with soluble Hep-HA and the Hep-HA hydrogels were
analyzed for HOXB4, PROX1, and TBR1 gene expression using RT-PCR (Figure 8D).
HOXB4 gene expression was higher for 4 wt % hydrogel than 2 wt % hydrogel, while
PROX1 gene expression was lower for 4 wt % than 2 wt % hydrogels. No significant
difference was found for TBR1 between 2% and 4% hydrogels. It was noted that compared
to soluble Hep-HA conditions, in which the cells grew on a tissue culture-treated surface
(about 1 GPa), 2% hydrogel reduced HOXB4 and PROX1 gene expression (Figure 8D). The
4% hydrogel still maintained a high level of HOXB4 but reduced PROX1 gene expression.
Taken together, these results indicate that the hydrogels with higher modulus support the
hindbrain fate of hiPSC spheroids.

DISCUSSION

Biomaterials play an important role in promoting cell-cell interactions during neural
patterning of brain organoids.11-13 The accurate control of compartmentation within brain
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organoids needs the understanding and modulation of the extracellular microenvironment of
hiPSC-derived spheroids. ECMs of the brain support the survival, migration, and
differentiation of neural progenitors, among which hyaluronic acid is a critical component.
23,56 Therefore, HA is a suitable biomaterial for brain tissue engineering and has been
widely used for culturing and transplantation of neural progenitors.2”:36 Modified HA
hydrogels can increase cell adhesion and promote neurite sprouting, axonal growth, and
cellular integration into the damaged tissue.28 Studies also have shown that NPCs seeded
into HA-based 3D hydrogels survive and mature both in vitroand in vivo.2* HA hydrogels
with tunable mechanical properties were reported to affect the differentiation of NPCs.57
Stiffer HA hydrogels lead to more astrocyte differentiation while softer HA hydrogels result
in more neuronal differentiation.58 In our study, a higher modulus of Hep-HA hydrogels
promoted more stress fiber stretching and more nuclear YAP expression compared to the
lower modulus Hep-HA hydrogels. The higher modulus hydrogels also supported the
hindbrain fate during hiPSC neural pattening, whereas the lower modulus hydrogel
supported forebrain marker expression. However, hydrogel degradability may affect cellular
response to the hydrogel stiffness and thus YAP localization, which needs to be investigated
further for neural patterning of hiPSCs.

Hydrogels made of pure HA promote cell aggregation, reminiscent of 3D structure.2®
Modified HA hydrogels can promote morphogen-induced differentiation of NPCs into
neurons as well as neurite outgrowth and synapse formation compared to traditional 2D
cultures.2” Even though hyaluronan hydrogels induce neurite outgrowth, the cell attachment
on HA is low, and binding materials are needed to support cell attachment. Heparin can bind
with several growth factors (e.g., BDNF and FGF-2) and has been reported to express
various binding abilities with different ECMs.5° For example, heparin and RGD peptides
promoted 25-fold higher neurite outgrowth compared to nonfunctionalized HA hydrogels.24
Also, it has been reported that hyaluronan—heparin—collagen hydrogels reduced
inflammatory reaction and supported cell survival after stroke in rodent models.5% Heparin-
decorated HA hydrogels can also be used for the controlled release of growth factors (e.g.,
BMP-2) to the cells.30

In this study, undifferentiated iPSK3 cells were treated with three types of ECMs (gelatin,
hyaluronic acid, Hep-HA). The results indicate that the Hep-HA group favors the ectoderm
differentiation of hiPSCs compared to HA alone. The cortical spheroids treated with
different ECMs were analyzed for brain region-identity markers. The Hep-HA treatment
increases the expression of hindbrain markers HOXB4 and ISL1 compared to HA alone and
gelatin. Heparin is reported to be a reservoir of many growth factors (e.g., BDNF and
BMP-2), which could impact neural patterning. The cells were also treated with ECMs at an
earlier stage of cortical tissue development. The results indicate that Hep-HA effects on the
neural patterning depend on development stages (e.g., days 8 and 16). Different biomaterials
support the expression of different receptors on the stem cells (through receptor—Iligand
binding)81 and were reported to impact various signaling (e.g., Wnt and Hippo) in the cells.
39 This leads to the hypothesis that the impact of these ECMs on neural patterning of hiPSCs
might act through cell signaling pathways.
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The results of our study reveal that the cells on each type of ECM express distinct stress
fiber formation. Since the morphological changes of cells result in the shuttling of cellular
mechanosensor YAP,52.:63 the expression of YAP and its localization of cells grown on these
ECMs were evaluated. High expression of nuclear YAP was observed in the cells treated
with Hep-HA hydrogels, suggesting that heparin may promote nuclear YAP localization.
YAP/TAZ localization influences the translocation of S-catenin (e.g., Hep-HA promotes
nuclear expression of active S-catenin) and thereby leads to the activation of canonical Wnt
signaling.#355 Our results indicate that YAP modulation using Cyto D (induces cytoplasmic
YAP) inhibits the canonical Wnt signaling elicited by Hep-HA hydrogels. This leads to the
necessity of evaluating the impact of heparin on Wnt signaling and the corresponding impact
on neural patterning.

In our study, the cells were treated with Wnt inhibitor IWP4 together with the ECMs for
evaluating the impact of Wnt signaling on the ECM-patterning effects. The IWP4 treatment
abolished the effects of Hep-HA treated cells, indicating that the cells in the Hep-HA group
may express elevated Wnt signaling. Previous studies demonstrate the involvement of
heparin in different cell signaling pathways including Wnt signaling.38 For example,

heparan sulfate binds with Wnt signals and supports its stability in ECM and also prevents
the aggregation of Wnt proteins in aqueous environments.4? Moreover, heparan sulfates/
heparin promote the stability and interaction of the sFRPs, which act as a biphasic modulator
of Wnt and the coreceptors that directly facilitate the formation of Wnt-Fz signaling
complexes.#! Since Wnt proteins activate several signaling cascades and support
differentiation of stem cells into either cardiac or neural lineage,3842 heparin has been used
in neural differentiation and maturation of cells through modulating Wnt signaling. For
example, heparin can modulate Wnt3a-induced stabilization of S-catenin and supports
morphological differentiation of both N2a and hippocampal cells.3? Heparin incubation also
decreased glycogen synthase kinase 3 beta activity in a concentration-dependent manner in
N2a cells. Taken together, our Hep-HA hydrogels allow for optimization of ECM stiffness as
well as the presentation of biochemical ligands (heparin-binding effects) to regulate neural
patterning for brain organoid engineering.

While the Wnt pathway can pattern neural tissues derived from hiPSCs along the rostral and
caudal brain identity,*243 it also plays a key role in dorsal-ventral patterning.64 The
influence of Wnt and/or Hippo/YAP signaling on dorsalventral patterning of hiPSCs remain
to be examined in the future. In addition, while this study focuses on the heparin effect on
Whnt signaling, potentially, any heparin-binding growth factors (e.g., FGF-2, BDNF) can be
linked to the heparin-HA hydrogels to influence neural patterning during organoid formation
from hiPSCs. Moreover, hydrogel degradability may affect the cell response to the hydrogel
stiffness and thus YAP localization,® which needs to be investigated further for neural
patterning.

It needs to be noted that large variabilities in spheroid-based cultures pose difficulties in
analyzing different cell types.¢ Large variations exist in aggregate size and cell diversity in
the aggregates/spheroids. While single aggregate formation methods (e.g., using glow
attachment 96-well plate) can reduce the variations, they are not easily handled for
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experiments on a larger scale. Modification of medium formulation to generate uniform
spheroids is desirable.57

CONCLUSIONS

This study investigates the synergistic effects of heparin and hyaluronic acid on neural
patterning of hiPSC-derived cortical spheroids. Hep-HA favors ectoderm differentiation of
hiPSCs. The treatment of cortical spheroids with the Hep-HA at a late stage biases the
neural patterning toward a hindbrain fate. The detailed evaluation of the underlying effects
of different ECMs reveals that Hep-HA elevates Wnt signaling compared to HA alone.
Modulation of the Hippo/Yap signaling also influences the patterning effect of these ECMs.
A comparative study with Hep-HA hydrogels with varying modulus reveals that the lower
modulus (300—400 Pa) supports the forebrain fate, whereas a higher modulus (1000—1300
Pa) supports the hindbrain fate. Taken together, the Hep-HA hydrogels can interfere with the
cell signaling inside the cells and thereby influence neural patterning of hiPSCs. (Figure S1)
IH NMR histogram confirming the methylation of HA; (Figure S2) synthesis of thiolated-
heparin (Hep-SH); (Figure S3) pluripotent marker expression for hiPSCs grown with mTeSR
+ ECM medium; (Figure S4) illustration of the cortical neural spheroid differentiation
protocols from hiPSCs; (Figure S5) effect of ECMs on the viability of neural spheroid
outgrowth; (Figure S6) effects of ECMs on neural lineage commitment of hiPSCs; (Figure
S7) influence of ECM treatment on expression of glutamate and GABA, (Figure S8) effects
of ECM treatment on the expression of F-actin stress fiber and outgrowth proliferation;
(Figure S9) enlarged confocal images of YAP from the represented groups to show
cytoplasmic and nuclear YAP (supporting data for Figure 4Bi); (Figure S10) supporting data
(another two repeats) for Western blot of active S-catenin; (Figure S11) active beta-catenin
expression under IWP4 treatment; (Figure S12) BRN2 and PROX1 expression for cortical
spheroids outgrowth cultured within different Hep-HA hydrogels; (Table S1) list of
antibodies; (Table S2) primer sequence for target genes; (Table S3) two-way ANOVA
analysis for Figures 3, 5, and 6 (PDF)
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Figurel.
Expression of three-germ layer differentiation markers of ECM-treated hiPSCs. The cells

treated with ECMs were analyzed for threegerm layer markers. (A) Fluorescent images of g-
tubulin 111 (ectoderm), Nkx2.5 (mesoderm), and FOXA2 (endoderm). Scale bar: 100 zm. (B)
Representative flow cytometry histograms of S-tubulin 111 or Nkx2.5. Black line, negative
control; red line, marker of interest. (C) Quantification of g-tubulin 111 or Nkx2.5 by flow
cytometry (1= 3). (One-way ANOVA, F-value = 17.22 and P-value = 0.01 for Nkx2.5; F-
value = 2.97 and P-value = 0.16 for g-tubulin 111.) Control indicates Geltrex condition. * and
** indicate p < 0.05 between the marked conditions.
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Figure2.
Effect of ECMs on neural tissue patterning of hiPSCs. The cells treated with ECMs at day

16 were analyzed for forebrain and hindbrain markers. (A) Fluorescent images of forebrain
markers (PROX1, TBR1, BRNZ2, and PAX6) and hindbrain markers (HOXB4, ISL1) at day
20. Scale bar: 100 gm. (B) Quantification of expression using the ImageJ software (/7= 3-5).
(i) Hindbrain markers (HOXB4, ISL1; one-way ANOVA, F-value = 10.49, P-value < 0.001).
(ii) Forebrain markers (PROX1, TBR1, BRN2, and PAX6; one-way ANOVA, F-value =
22.29, P-value < 0.001). (C) RT-PCR analysis of (i) HOXB4 and (ii) PROX1 and TBR1 gene
expression (n = 3; one-way ANOVA, PROX1: F-value = 9.568, P-value = 0.03; TBR1: F-
value = 21.22, P-value = 0.01). Control indicates Geltrex condition. *, **, and # indicate p <
0.05 between the marked conditions.
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Stage-dependent impact of ECMs on neural tissue patterning of hiPSCs. The cells treated
with ECMs at both day 8 and day 16 were compared for forebrain and hindbrain marker

expression. (A) Quantification of marker expression using the ImageJ software for

immunostaining images (/7= 3). (B) Flow cytometry analysis of forebrain markers (TBR1,
PROX1) and hindbrain markers (HOXB4, ISL1) at day 21 (n= 3). *, **, and # indicate p <
0.05 (two-way ANOVA, see Supporting Information Table S3).
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Figure 4.
Effect of ECMs on YAP and active S-catenin expression. The cells treated with ECMs at day

16 were analyzed for YAP and active B- catenin expression (A) Phase contrast images of day
16 NPC aggregates replated at day 0 and day 1. Scale bar: 400 zm. (B) Confocal fluorescent
images of (i) YAP and (ii) active p-catenin (active S-cat) at day 20. Scale bar: 50 ym. The
negative circles of active S-catenin in the Hep-HA group did not colocalize with any blue
nuclei, indicating that they were not associated with cells. (iii) Quantification of YAP
expression (nuclear to cytoplasmic ratio; one-way ANOVA, F-value = 10.46, and P-value =
0.02). * and ** indicate p< 0.05. (C, i) Western blot bands of active S-catenin in nuclear and
cytoplasmic proteins. The numbers above the bands showed the density quantification
through image analysis. S-tubulin is endogenous cytoplasmic control. (ii) Quantification and
normalization of active B-catenin expression (nuclear to cytoplasmic ratio). Control indicates
Geltrex condition.
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Effects of Wnt Inhibition on neural patterning of ECM treated-hiPSCs. The cells treated
with ECMs and £Wnt inhibitor IWP4 were analyzed for forebrain and hindbrain markers.
(A) Fluorescent images of forebrain markers (PROX1, TBR1) and hindbrain markers
(HOXBA4, ISL1) at day 20 with + IWP4. Scale bar: 100 gm. (B) Quantification of hindbrain
(i) and forebrain (ii) marker expression at day 20 with = IWP4 by flow cytometry (7= 3).
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Supporting Information Table S3).
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Figure®6.
Effects of cytochalasin D treatment on neural patterning of ECM treated-hiPSCs. The cells

treated with ECMs and + cyto D at day 16 were analyzed for forebrain and hindbrain
markers. (A) Representative flow cytometry histograms of forebrain marker (PROX1) and
hindbrain marker (HOXB4) at day 20 under + cyto D. Black line, negative control; red line,
marker of interest. (B) Expression of (i) hindbrain marker HOXB4 and (ii) forebrain marker
PROX1 at day 21 under +cyto D quantified by flow cytometry (7= 3). Control indicates
Geltrex conditions. * indicates p < 0.05 (two-way ANOVA, see Supporting Information
Table S3).
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Figure7.
Fabrication and characterization of Hep-HA hydrogels. (A) Mechanism of methylation of

HA (MA-HA), thiolation of heparin (Hep- SH), and the photo-cross-linking of MA-HA and
Hep-SH. (B) Storage modulus of hydrogels under different lighting times, before and after
swelling for 2 days, measured by a rheometer with a frequency sweep from 0.1 to 10 rad/s.
(C) Storage modulus and swelling ratio of two types of hydrogels (2 and 4 wt %; 1= 3).

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 September 30.

Complex Viscosity (Pa.s)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Bejoy et al. Page 25

. -'_' = I 10.2% 25.2%
A 2 --- a T :II \ ﬁ:"
- h‘ 3 i Y ‘P N L\
fr . e N ko S U
y: AN \
awts | wt% : N |/ \ |
1 0 oW W0 100 10 0 10 100 10 10t
Alexa 594-A Alexa 534-A
HOXB4 B-tubulin Il Hoe TBR1 B-tubulin 11l Hoe My 35.6% | A 14.0%
B (") 2 RIS TBR1 | M |
. - AN J J\

. 0 100 100 10' 108
(") Alexa 594-A
4wtk
50 -
45

D
RT-PCR Analysus

*

g
=)
.

Positive Cells (%]
= BB g w
cwBGEBRERSE

Relative Gene Expression
o o
o n

8
Z

HOXB4

Figure 8.
Neural patterning of Hep-HA hydrogels with different moduli. The cells treated with

different Hep-HA hydrogels (2 and 4 wt %) at day 16 were analyzed for forebrain and
hindbrain markers. (A) Phase contrast images of spheroids within Hep-HA hydrogels; white
arrows point to the hydrogel boundary. Scale bar: 200 xm. (B, i) Fluorescent images of
forebrain marker TBR1 and hindbrain marker HOXBA4 at day 24. (ii) Fluorescent images of
YAP and F-actin at day 24. Scale bar: 100 zm. (C) (i) Representative flow cytometry
histograms of TBR1 and HOXB4 expression. (ii) Quantification of TBR1 and HOXB4
expression with flow cytometry (7= 3; one-way ANOVA, F-value = 12.06, and P-value =
0.01). (D) RT-PCR analysis ofHOXB4, PROX1, and TBR1 gene expression (one-way
ANOVA, F-value = 6.02, and P-value = 0.001). * indicates p < 0.05.
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Summary of Experimental Conditions

Table 1.

Figures
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8

ECM components
add heparin and HA in solution
add heparin and HA in solution
add heparin and HA in solution
add heparin and HA in solution
add heparin and HA in solution
add heparin and HA in solution
photo-cross-linked Hep-HA hydrogels
photo-cross-linked Hep-HA hydrogels

differentiation conditions
three-germ layer differentiation
treated during day16-21
treated during day 8-21 or day16-21
treated during day16-21
treated during day16-21
treated during day16-21
not applicable
treated during day16-21
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Table 2.
Swell Ratio of Different Hep-HA Hydrogels
sample soft Hep-  stiff Hep-HA
HA

polymer concentration 2wt % 4wt %
before swelling storage modulus (G’ = Pa) 5734462 1762 + 1972
after swelling storage modulus (G’ = Pa) 3334607 1176 + 137%
swelling ratio (Ws/Wd) 479+73 29.4+3.2

ap < 0.05 between soft and stiff Hep-HA hydrogels.
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