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ABSTRACT

Astrocytes are multifunctional glial cells that are essential for brain functioning. Most existing methods to induce
astrocytes from stem cells are inefficient, requiring couples of weeks. Here, we designed an alginate hydrogel-
based method to realize high-efficiency astrocytic differentiation from human neural stem cells. Comparing to
the conventional tissue culture materials, the hydrogel drastically promoted astrocytic differentiation within
three days. We investigated the regulatory mechanism underlying the enhanced differentiation, and found that
the stretch-activated ion channels and Yes-associated protein (YAP), a mechanosensitive transcription coac-
tivator, were both indispensable. In particular, the Piezol Ca®" channel, but not transient receptor potential
vanilloid 4 (TRPV4) channel, was necessary for promoting the astrocytic differentiation. The stretch-activated
channels regulated the nuclear localization of YAP, and inhibition of the channels down-regulated the expres-
sion of YAP as well as its target genes. When blocking the YAP/TEAD-mediated transcription, astrocytic dif-
ferentiation on the hydrogel significantly declined. Interestingly, cells on the hydrogel showed a remarkable
filamentous actin assembly together with YAP nuclear translocation during the differentiation, while a pro-
gressive gel rupture at the cell-hydrogel interface along with a change in the gel elasticity was detected. These
findings suggest that spontaneous decrosslinking of the hydrogel alters its mechanical properties, delivering
mechanical stimuli to the cells. These mechanical signals activate the Piezol Ca®" channel, facilitate YAP nuclear
transcription via actomyosin cytoskeleton, and eventually provoke the astrocytic differentiation. While offering
an efficient approach to obtain astrocytes, our work provides novel insights into the mechanism of astrocytic
development through mechanical regulation.

1. Introduction

Astrocytes are a type of glial cell that tile the entire central nervous

differentiation into astrocytes. While compliant substrates with elastic
modulus <1 kPa preferably direct NSCs into neuronal cells, relatively
stiffer substrates (1-10 kPa) preferably lead to astrocytes and oligo-

system (CNS) and are essential for brain homeostasis. They provide
physical and metabolic supports for neurons, coordinate synapse for-
mation and functions, comprise the blood-brain barrier, and respond to
injuries and diseases [1,2]. As the diversity of astrocyte functions in-
creases, it is extremely helpful to establish in vitro platforms to study the
human-specific astrocytes in the context of physiology and diseases [2,
3]. One way to obtain human astrocytes is by inducing neural stem cell
(NSC) differentiation, as shown in several previous studies [4-6].
However, the currently available methods are usually complex and
time-consuming. Therefore, an efficient approach to obtain human as-
trocytes is highly desired.

Mechanical signals, such as matrix elasticity, regulate NSC

dendrocytes [7,8]. A study using human NSCs (hNSCs) has demon-
strated that the stretch-activated Ca?' channel, Piezol, promotes
neurogenesis and suppresses astrogenesis, possibly via Yes-associated
protein (YAP) [9]. In contrast, evidence in the rodents shows that YAP
promotes astrocytic differentiation through Smad1, downstream of bone
morphogenetic protein (BMP) signaling [10,11]. Also in rodents, YAP
has been identified to negatively regulate neuronal differentiation by
sensing the rigidity [12,13]. Therefore, how mechanical cues, Ca%*
channels, and YAP transcription coactivator synergize to regulate the
astrocytic differentiation from NSCs remains to be further clarified.
Alginate is a biocompatible and easily available marine poly-
saccharide extracted from brown algae, which can be divalently
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crosslinked to form hydrogels of tunable mechanical properties [14,15].
In this study, we employed an alginate hydrogel-based matrix, prepared
using a thaw-induced, Ca"-crosslinked gelation method. We found that
the astrocytic differentiation of hNSCs was drastically enhanced on the
hydrogel, comparing to that on the conventional tissue culture poly-
styrene (PS). Mechanistically, the mechanosensitive Ca?* channels and
YAP-mediated transcription were both necessary for the differentiation:
Firstly, cells grown on the hydrogel showed significantly higher intra-
cellular Ca®" level comparing to those on the PS; inhibition of mecha-
nosensitive ion channels during the differentiation successfully brought
down the intracellular Ca?* level and attenuated the astrocyte devel-
opment. Secondly, using chemical inhibitors and agonists, we found that
the transient receptor potential vanilloid 4 (TRPV4) mechanosensitive
channel was dispensable, while Piezol was essential, for the enhanced
on-gel astrocytic differentiation. Further, the nuclear localization of YAP
was found to be affected by the stretch-activated channels, and blocking
the YAP/transcriptional enhanced associate domain (TEAD)-mediated
transcription led to declined astrocytic development on the hydrogel.
Finally, cells on the hydrogel showed a remarkable filamentous actin
(F-actin) reinforcement together with YAP nuclear translocation during
the differentiation, and at the meantime, a progressive gel rupture at the
cell-hydrogel interface along with a change in the gel elasticity were
detected. With these findings, we elucidate the mechanotransduction
mechanism underlying the on-gel astrocytic development, in which
mechanical stimuli delivered by the gel decrosslinking give rise to
activation of Piezol Ca®" channel and further the YAP-mediated tran-
scription, resulting in high-efficiency astrocytic differentiation.

2. Materials and methods
2.1. Preparation of alginate hydrogel

Sodium alginate (Sigma-Aldrich) was dissolved in Milli-Q water at
70 °C to make a 1.5%-3.5% (w/v) aqueous solution. The cross-linking
solution contains 90 mM CaCl, and 150 mM NaCl. Both solutions
were sterilized with a 0.22 pm filter. Alginate hydrogels were prepared
using a thaw-induced gelation method [16]. In brief, the sodium algi-
nate solution was added to the culture plate at 45 pl/cm? and kept at
—80 °C for 15 min to freeze. Then, the cross-linking solution was quickly
added to the frozen sodium alginate at 250 pl/cm? The mixture was
kept at room temperature for 2.5 h to allow the gelation to occur. After
removing the excess liquid, followed by brief washing, the hydrogel was
coated with 20 pg/ml laminin derived from Engelbreth-Holm-Swarm
mouse sarcoma basement membrane (Sigma-Aldrich, L2020) in
phosphate-buffered saline (PBS) buffer containing Ca®* and Mg?* and
incubated at 37 °C overnight.

2.2. Rheology, scanning electron microscopy (SEM), and atomic force
microscopy (AFM)

Rheological characterization of hydrogels was performed using a
Discovery HR-3 rheometer (TA Instruments, Waters). All samples were
made into a circular-shaped thin layer, about 60 mm in diameter and
1-2 mm thick. The elastic modulus and viscous modulus measurements
of hydrogels were carried out at an angular frequency of 10 rad/s at
37 °C. For SEM, the cells were first fixed with 2.5% glutaraldehyde for
30 min at 4 °C, and then the hydrogel was dehydrated by gradient
ethanol series (30%, 50%, 70%, 90%, and 100%) followed by lyophili-
zation. After coated with gold for 1 min, the samples were examined on a
Quattro environmental SEM (Thermo Scientific). The AFM character-
ization was done on JPK Nanowizard4. Briefly, a pyramidal probe with
spring constant 1.013 N/m was used to scan the surface of the hydrogel
in quantitative imaging mode. JPK Data Processing software was used to
fit the curves and analyze the data. The Hertz model was used to
determine the elastic modulus maps with a sample Poisson ratio of 0.5
fitting over a range of 10-90% indentation force.
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2.3. Cell culture, differentiation, and drug treatment

ReNcell VM hNSCs were purchased from Millipore. Cells were plated
on laminin-coated tissue culture plates or alginate hydrogel and main-
tained in DMEM/F-12 medium (Gibco) containing 10 u/ml heparin
(Sigma-Aldrich), 2% (v/v) B27 neural supplement (Gibco), 20 ng/ml
epidermal growth factor (EGF) (PeproTech), 20 ng/ml basic fibroblast
growth factor (FGF2) (PeproTech), and 1% (v/v) Antibiotic-Antimycotic
(Gibco) at 37 °C in a cell culture incubator with 5% CO,. For astrocyte
induction, hNSCs were seeded at a density of 25,000 cells/cm?. The next
day, EGF and FGF2 were withdrawn from the maintenance medium, and
5% (v/v) fetal bovine serum (FBS) was added. The astrocytic differen-
tiation lasted 3 days. GdClg (Sigma-Aldrich) was used to inhibit the
mechanosensitive ion channels, and 100 pM GdCl; was added into the
astrocytic differentiation medium 24 h after the differentiation started,
and the treatment lasted another 24 h. The Ca®* signals and YAP lo-
calizations were analyzed once the treatment was completed, and the
astrocytic lineage markers were analyzed after the differentiation was
completed. For TRPV4 channel inhibition, the cells were treated with 1
pM GSK2193874 (Sigma-Aldrich) during the differentiation. To inhibit
the Piezo channels, 5% FBS was replaced by 100 ng/ml BMP2 to induce
astrocytic differentiation. The cells were treated with 5 pM GsMTx4
(MedChemExpress) during the differentiation. Yodal (Sigma-Aldrich)
was used to provoke Piezol activation at a concentration of 50 pM
during the differentiation. Verteporfin (Sigma-Aldrich) was used to
inhibit the YAP/TEAD-mediated transcription at a concentration of 0.5
pg/ml during the astrocytic differentiation. Cytochalasin D (Sigma-
Aldrich) was used to inhibit actin polymerization at a concentration of 5
uM. Blebbistatin (Sigma-Aldrich) was used to inhibit non-muscle myosin
IT at a concentration of 50 pM during the differentiation.

2.4. Immunofluorescence, microscopy, and imaging analyses

The live cells were stained by CFSE (Abcam) dissolved in the culture
medium for 15 min at 37 °C. For immunofluorescence, cells were fixed
with 4% paraformaldehyde in PBS for 20 min and permeabilized with
0.2% Triton X-100 for 10 min. Cells were then blocked with 3% bovine
serum albumin in PBS for 1 h, followed by primary and secondary
antibody staining for 1 h each at room temperature. The PBS buffer used
in all steps of immunofluorescence contains Ca®" and Mg?" to avoid
alginate gel degradation. The primary antibodies used were: anti-Nestin
(ab6320, Abcam), anti-Sox2 (ab97959, Abcam), anti-Ki67 (ab8191,
Abcam), anti-GFAP (130300, Invitrogen), anti-S100B (ab52642,
Abcam), anti-YAP (sc101199, Santa Cruz). F-actin was stained by
Rhodamine-conjugated phalloidin for 30 min. Microscopy images were
mainly acquired on Nikon Ti2 fluorescence microscope. The images with
Z-stacks were acquired on Zeiss LSM880 confocal microscope.

The fluorescence images were processed and analyzed by Image J
after subtracting background fluorescence. To quantify the cellular
fluorescence of a marker under a certain condition, fluorescence images
were captured at a focal plane where the cells were found brightest. The
total projected fluorescence of an imaging field was calculated and then
divided by the number of nuclei, resulting in an averaged “total cellular
fluorescence intensity”, and in short “Fluo. Int”. Unless otherwise
specified, quantifications on “Fluo. Int” were made on imaging fields
(shown as dots on the graphs), which were captured under the same
microscopy settings from 3 to 4 independent experiments (i.e., biolog-
ical repeats). To quantify the YAP nuclear-to-cytoplasmic ratios, the
nuclei were identified by Hoechst staining, which were used as the re-
gions of interest (ROI) to segment the nuclear and cytoplasmic pro-
portions. Based on the total YAP fluorescence per imaging field, the
nuclear-to-cytoplasmic ratios were calculated. More details including
statistical information are provided in the legend of each figure.


https://www.medchemexpress.cn/Targets/Myosin.html

Z. Liu et al.
2.5. Hydrogel digestion, quantitative PCR (qPCR), and western blot

To harvest the cells grown on the alginate hydrogel, the culture was
incubated in a PSB buffer (without Ca®*/Mg?") containing 20 mM EDTA
and 55 mM sodium citrate for 15-20 min to digest the gel. Cells were
then harvested and lysed, and total RNA was extracted using Quick-
RNA™ Microprep Kit (ZYMO) following the manufacturer’s in-
structions. The reverse transcription was conducted using PrimeScript™
RT reagent Kit with gDNA Eraser (TaKaRa). LightCycler® 480 SYBR
Green I Master (Roche) was used for the amplification and detection of
cDNA targets on a CFX Connect system (Bio-Rad). The relative mRNA
levels of target genes were analyzed using 2™, normalized to the level
of the housekeeping gene GAPDH. The primers for qPCR are as follows:
GAPDH (forward-tgcaccaccaactgcttage, reverse-ggcatggactgtggtcatgag);
GFAP (forward-gaagctccaggatgaaacca, reverse-acctectectegtggatett);
S100B (forward-tggccctcatcgacgtttte, reverse-atgttcaaagaactcgtggca);
NESTIN (forward-ctgctacccttgagacacctg, reverse-gggctctgatctctgeatcta
c); SOX2 (forward-gccgagtggaaacttttgteg, reverse-ggcagegtgtaaccatectt
ct); NANOG (forward-aaggtcccggtcaagaaacag, reverse-cttctgegtcacaccat
tge); OCT4 (forward-gagtgagaggcaacctggag, reverse-gecggttacagaacc
acact); DCX (forward-gacagcccactcttttgage, reverse-tgggtttcccttcatga
ctc); YAP (forward-tttctectgggacactgace, reverse-tetttgecatctcecaacct);
ANKRDI1 (forward-agtagaggaactggtcactgg, reverse-tgggctagaagtgtcttca
gat); CYR61 (forward-ggaaaaggcagctcactgaage, reverse-ggagataccagttc
cacaggtc); CCND1 (forward-gcatgttcgtggectctaag, reverse-ttcaatgaaatcg
tgegggg).

For western blot, cells were harvested and then lysed in 2x Laemmli
Sample Buffer. After heating for 10 min at 95 °C, the protein extracts
were separated by SDS-PAGE and transferred to PVDF membranes
(MerckMillipore). After blocking with 5% skim milk in TBST for 1 h, the
membranes were incubated with primary antibodies overnight at 4 °C.
After washing, the membranes were incubated with HRP-conjugated
secondary antibodies. Bound antibodies were detected by HRP Chemi-
luminescent Reagent (Merck) and Tanon 5200 Chemiluminescent Im-
aging System. The primary antibodies used in the western blot were anti-
GFAP (130300, Invitrogen), anti-S100p (ab52642, Abcam), and anti-
a-Tubulin (ab176560, Abcam). Secondary antibodies were HRP-
conjugated anti-rat IgG (31470, Invitrogen) and anti-rabbit IgG
(31466, Invitrogen).

2.6. Ca®" measurements

Intracellular Ca®" level was indicated by a fluorescent Ca®" indica-
tor, Fluo-4, AM (F14201, ThermoFisher), following the manufacturer’s
instructions. Fluorescence images were recorded every 3 s. The spon-
taneous Ca2* transients in the cells were shown by AF/F, where AF is the
amplitude of the Ca?* fluorescence signal, i.e., Fax-Fmin, and F is the
average Ca®" fluorescence signal at the steady state. Ca%* concentration
in the tissue culture supernatant was determined using an automatic
potentiometric titrator (T960, Hanon). Sodium tetraborate buffer was
used to adjust pH, and EGTA was used as a titrant. The end point of
titration was determined using the second-order derivative method.

2.7. Statistical analyses

All the data with error bars are presented as Mean + Standard Error
(SE). GraphPad software was used for plotting graphs and for statistical
analyses. Unless otherwise stated, statistical significance was tested by
two-tailed student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001) when comparing the difference between two samples.
3. Results

3.1. The hydrogel substrate drastically promotes astrocytic differentiation

To mimic the mechanical microenvironment of brain tissues, a soft
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substrate made of alginate hydrogel was exploited, in which Ca?* was
used as the crosslinker of alginate. However, direct mixing of the sodium
alginate and Ca2* solutions led to immediate gelation that generated
uneven gel surface, unsuitable for tissue culture and in-situ observation.
Hence, we developed a thaw-induced gelation method to prepare the
hydrogel by adding CaCl; solution to the frozen alginate. In this way, the
Ca?* crosslinking occurred slowly while the alginate solution was
thawed (Fig. 1A-left, see Materials and Methods for details), resulting in
a smooth and homogeneous hydrogel surface (Fig. 1B-left). Using 1.5%—
3.5% sodium alginate and 90 mM CaCl, aqueous solutions, hydrogels
with different surface porosity, elastic and viscous modulus were ob-
tained, as characterized by SEM (Fig. 1C) and oscillatory rheology
(Fig. 1D). The elastic modulus (G) of the hydrogel was shown to increase
with the concentration of sodium alginate, in the range of 0.03-3.06
kPa, comparable to the elasticity of native brain tissues (0.1-1 kPa)
measured using the same tool [17,18] (Fig. S1). A time lag (or phase
shift, ) between the oscillating stress and the corresponding periodic
material deformation was observed, where 0 < § < n/2, characterizing
the hydrogels as viscoelastic materials. Since G’ was higher than G’ (i.e.,
8 < n/4) (Fig. 1D), these gels were mainly elastic [19].

Upon coating with laminin, the hNSCs could grow healthily on the
hydrogel (Fig. 1A-right), which showed excellent viability, as revealed
by live cell staining using CFSE (Fig. 1E), and expressed NSC markers
Nestin and Sox2 (Fig. 1F). Comparing to those on PS, hNSCs grown on
the hydrogel displayed a more neural-like morphology, i.e., slim, elon-
gated, and smaller in size (Fig. 1B-right, Fig. 1E-bright field images,
Fig. 1G). The smaller cell area on the hydrogel can be attributed to the
lower rigidity of hydrogel, as the spreading area is dictated mechanically
by a force-balance between the cell and the substrate involving the
formation of focal adhesion and stress fibers, as reported previously
[20-22]. Cells grown on the hydrogel also showed a smaller
Ki67-positive percentage and a lower density (Fig. 1H), indicating a
lower proliferation potential. Consistently, cells grown on the hydrogel
expressed lower levels of genes on NSC stemness (NES, SOX2, NANOG,
OCT4), and higher levels of genes on neuronal (DCX) and astrocytic
(S100B) lineages, suggesting a higher differentiation potential (Fig. 1I).

To induce astrocytic differentiation, 5% FBS was added to the NSC
maintenance medium without growth factors (Fig. 2A) [4]. The astro-
cytic lineage markers S100B and GFAP express extensively in three days
according to our previous study [23]. Considering the elasticity of native
brain tissues (0.1-1 kPa), 1.5%-3% hydrogels (0.03-2.18 kPa) were
initially employed here, and the differentiation was found similar on
those hydrogels, as indicated by GFAP immunofluorescence (Fig. 2B-C).
The highest level of S100B was shown on 2.5% hydrogel (Fig. 2B-C),
which was therefore used in all the subsequent experiments to represent
the hydrogel. Remarkably, comparing to the PS substrate (elastic
modulus in the order of GPa) [8,24], astrocytic differentiation on the
alginate hydrogel was drastically enhanced, as revealed by immuno-
fluorescence of S100B and GFAP (Fig. 2E-F, S2), and verified by im-
munoblots (Fig. 2G) and mRNA quantifications of those genes (Fig. 2H).
Hence, we went on to investigate the mechanism leading to the robust
promotion of astrocytic differentiation on the alginate hydrogel.

3.2. Mechanosensitive Ca®>" channels are required to promote astrocytic
differentiation on the hydrogel

To figure out the mechanism underlying the enhanced astrocytic
differentiation on the hydrogel, we started with examining the
involvement of the stretch-activated Ca?t channels, which often
contribute to stem cell differentiation [9]. Using a cell-permeable Ca®t
indicator, Fluo-4 AM, the intracellular Ca®* level on different substrates
was observed (Fig. 3A). Noticeably, the cells differentiated on the algi-
nate hydrogel showed a significantly higher Ca?" level and stronger
Ca%* oscillations, comparing to the cells on PS (Fig. 3A-C). The
lanthanide Gd3" is known to inhibit the stretch-activated ion channels
[25,26], which was employed in this study. When cells on the gel were
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Fig. 1. Preparation and characterizations of the alginate hydrogel substrate. (A) Schematic of the thaw-induced gelation method to prepare alginate (ALG) hydrogel
(left) and growth of hNSCs on the hydrogel (right). (B) (left) Photographs showing the tissue culture PS and alginate hydrogel substrates; (right) SEM images showing
the cell morphology on those substrates. (C) SEM images showing the surface structures of the hydrogels formed by 1.5%-3.5% sodium alginate. (D) Oscillatory
rheological measurements of the hydrogels formed by 1.5%-3.5% sodium alginate. The elastic modulus (G'), the viscous modulus (G"), and the phase shift (5)
between the oscillating stress and the periodic material deformation are shown. Measurements were performed at a constant frequency of 10 rad/s at 37 °C. (E)
Images of hNSCs grown on PS and on 2.5% alginate hydrogel. Green fluorescence indicates CFSE that stains live cells. (F) Immunofluorescence of NSC marker Nestin
(green) or Sox2 (red) in cells cultured on PS and on 2.5% alginate hydrogel. Images are superimposed with nuclei staining by Hoechst (blue). (G) Quantifications of
spreading area and aspect ratio on the cells grown on PS and on 2.5% alginate hydrogel. N = 36 individual cells. (H) (left) Ki67 immunofluorescence in cells grown
on PS and on 2.5% alginate hydrogel 24 h after seeding; (right) Percentage of Ki67-positive cells and cell count per imaging field quantified on the fluorescence
images. N = 42 imaging fields from three experiments. (I) Relative mRNA levels of genes indicating NSC stemness or neuronal and astrocytic lineages. GAPDH was
used as an internal control. N = 3. Data are presented as Mean + SE. ****p < 0.0001, two-tailed student’s t-test. (Scale bars: 50 um). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

treated with GdCls, the Ca?" level and spontaneous Ca?* oscillation
declined significantly (Fig. 3D), indicating a role of stretch-activated
channels in regulating cellular Ca®t concentration and signaling.
GdCl3 treatment during the differentiation also led to significantly
reduced expressions of both S100B and GFAP in cells on the hydrogel, as
revealed by immunofluorescence (Fig. 3E-F), immunoblots (Fig. 3G),
and mRNA quantifications (Fig. 3H). These results suggest important
contributions of the stretch-activated channels and Ca®* signaling to the
enhanced astrocytic differentiation on the hydrogel.

Further, we asked which type of the stretch-activated channels pre-
dominantly regulated this process, and two types of the most frequently

studied Ca®' channels, TRPV4 and Piezo, were examined. Previous
studies have demonstrated that TRPV4 can be directly activated by
membrane stretching in endothelial cells and chondrocytes [27,28].
Here, we found that blocking TRPV4 activity using its inhibitor
GSK2193874 did not impede astrocytic differentiation on the hydrogel,
but even elevated the expression level of S100B (Fig. 4A-B), suggesting a
dispensable role of TRPV4 in provoking astrogenesis. To check the
contribution of Piezol channel, a specific agonist, Yodal [29], was first
employed. Yodal treatment led to enhanced differentiation of astrocytes
on the hydrogel, comparing to the nontreated condition (Fig. 4A-B).
Further, an inhibitor of Piezo channels, GsMTx4, was employed [9,30].
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Fig. 2. Astrocytic differentiation is drastically
enhanced on the hydrogel substrate. (A) Schematic of
the astrocytic differentiation from hNSCs on the
alginate hydrogel. (B) Induced hNSCs differentiation
into astrocytes on 1.5%-3% alginate hydrogels. After
3 days of differentiation, cells were immune-stained
against the astrocytic marker S100B (red) or GFAP
(green). Images are superimposed with nuclei stain-
ing by Hoechst (blue). (C-D) Quantifications on
immunofluorescence of GFAP (C) and S100B (D) on
1.5%-3% alginate hydrogels. Data are shown as
averaged total cellular fluorescence intensity. N > 27
imaging fields from three experiments. (E) Differen-
tiation of hNSCs into astrocytes on PS substrate and
on 2.5% alginate hydrogel. Immunofluorescence in-
dicates S100B (red) and GFAP (green). Nuclei are
stained by Hoechst (blue). (F) Quantifications on the
fluorescence images showing levels of astrocytic
markers after 3 days of differentiation. Data are
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Because FBS used to induce astrocytic differentiation elsewhere in this
work is known to interfere with the effectiveness of GsMTx4 [31], in this
particular experiment, it was replaced by BMP2, which turned out to
induce astrocytic differentiation similarly to FBS [5,10] (Fig. S3). As
expected, we observed that GsMTx4 treatment significantly attenuated
astrocyte development on the hydrogel (Fig. 4C-D). Together, these
experiments strongly suggest that Piezol, but not TRPV4, is responsible
for prompting astrocytic differentiation on the alginate hydrogel.

3.3. YAP-mediated transcription and actomyosin cytoskeleton contributes
to promoting astrocytic differentiation on the hydrogel

Next, we went on to examine the involvement of the YAP tran-
scription coactivator, which had been shown to promote astrocytic
differentiation in rodents [10,11,32], in the context of the current study.
Interestingly, when blocking the stretch-activated channels using GdCls
during the differentiation, the nuclear fraction of YAP decreased in cells
on the hydrogel (Fig. 5A-B). Consistently, upon the disruption of Piezol
channel, using either GdCl3 or GsMTx4, the mRNA levels of YAP and the
YAP/TEAD target genes ANKRDI and CYR61 [33-35], dropped signif-
icantly (Fig. S4). These findings strongly indicate an upstream regula-
tion by the mechanosensitive channel, in particular Piezol, on
YAP-mediated transcription, as reported by other studies [9,36]. To
examine whether the YAP/TEAD-mediated transcription was respon-
sible for astrocytic differentiation, verteporfin, a YAP inhibitor dis-
rupting the YAP-TEAD interaction, was employed. Treatment of
verteporfin remarkably attenuated the expression levels of the YAP/-
TEAD target genes, such as ANKRD1, CYR61, and CCND1 (Fig. S4),
validating the effectiveness of this inhibitor. The verteporfin treatment
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this article.)
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also reduced the nuclear fraction of YAP (Fig. 5C-D), and most impor-
tantly, it significantly impeded the astrocytic differentiation on the
hydrogel, indicated by both S100B and GFAP levels based on the
immunofluorescence (Fig. SE-F). This effect of verteporfin on astrocytic
differentiation was further verified by qQPCR mRNA measurements of
S100B and GFAP genes (Fig. 5G). These results show that the
YAP/TEAD-mediated transcription makes crucial contributions to the
robust promotion of astrocytic differentiation on the alginate hydrogel.

The YAP nuclear localization is known to increase with the substrate
rigidity, and regulated by the actomyosin cytoskeletal tension [37].
Then the question remains why the softer hydrogel unexpectedly pro-
moted a YAP-dependent astrocyte formation here. To figure it out, we
examined the F-actin structure together with YAP localization before
and after the astrocytic differentiation. Consistent with the current un-
derstanding, before the differentiation, YAP exhibited a larger nuclear
fraction on the (stiffer) PS than that on the (softer) hydrogel (Fig. 5H and
J, “Day 07); disrupting the actin cytoskeleton using Cytochalasin D
successfully repelled the nuclear YAP (Figs. SSA-B). However, when
differentiation was induced, cells on the hydrogel displayed a more
significant F-actin assembly as well as nuclear migration of YAP,
comparing to that on the PS (Fig. 5H and I-J, “Day3/Day0”). Cytocha-
lasin D treatment reduced the YAP nuclear translocation on the hydrogel
(Fig. S5C), and partially attenuated the astrocytic differentiation
(Fig. 5K). Similarly, releasing the cytoskeletal tension using myosin II
inhibitor Blebbistatin also attenuated the astrocytic differentiation
(Fig. 5L). These findings indicate that actomyosin contractility indeed
governed YAP nuclear translocation and astrocytic differentiation, and
meanwhile, additional mechanical cues, other than rigidity, must had
taken the dominant part during differentiation on the hydrogel, which
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shown in fire scale and were prepared using Image J. Arrows indicate cells with spontaneous Ca®" transients. (B) Examples of spontaneous Ca®" transients, shown as
plots of Ca®" fluorescence intensity over time, in cells differentiated on PS and on alginate hydrogel. (C) (Left) Average Ca®" fluorescence intensity over time,
showing the spontaneous Ca* transients from multiple individual cells; and (Right) relative amplitude of the spontaneous Ca”" transients, calculated as the changed
fluorescence value (AF)/average value at steady state (F), measured from individual cells on the third day of differentiation. N > 34 cells. (D) Effects of GdCl; to cells
grown on hydrogel on intracellular Ca** signals: (Left) Average Ca*" fluorescence intensity over time showing the spontaneous Ca®* transients; (Right) relative
amplitude of the spontaneous Ca®* transients. The treatment started 24 h after initiating the differentiation and lasted for another 24 h Ca®* signals were analyzed
once the treatment was completed. NT indicates nontreated control. N > 36 cells. (E-F) Immunofluorescence images (E) and quantifications (F) of astrocytic markers
S100B and GFAP showing the effects of GACl3 treatment on cells on the hydrogel. Data is shown as averaged total cellular fluorescence intensity. N > 24 imaging
fields from three experiments. (G) Immunoblots of astrocytic markers showing the effects of GACl; treatment on cells on the hydrogel. a-Tubulin served as an internal
control. (H) Relative mRNA levels of astrocytic markers showing the effects of GdCl; on cells on the hydrogel. GAPDH gene was used as an internal control. N = 6
measurements. All data are presented as Mean + SE, normalized to the first columns. NT, nontreated control. Ns, p > 0.05; **p < 0.01, ***p < 0.001, ****p <
0.0001, two-tailed student’s t-test. (Scale bars: 10 pm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

led to mechanosensitive channels activation, F-actin assembly and YAP speculate that the spontaneous decrosslinking of the gel may contribute
nuclear translocation. to those mechanical cues that eventually facilitated astrocytic differen-
tiation. To test this hypothesis, we first examined the hydrogel
morphology carefully using SEM at multiple time points, i.e., before,
during, and after the differentiation. As expected, we observed an
increasing rupture on the hydrogel surface with time (Fig. 6A). In
particular, gel ruptures were observed at the cell-hydrogel interface

3.4. The hydrogel substrate delivers mechanical cues to cells and promotes
astrocytic differentiation

Concerning the chemical properties of the alginate hydrogel, we
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two-tailed student’s t-test. (Scale bars: 20 pm).

after the differentiation (Fig. 6B, arrows). Further, we characterized the
hydrogel elasticity before, during, and after the differentiation using
AFM, and found that the gel became softer with time (Fig. 6C). This is
interesting because the change in hydrogel elasticity has somehow
mimicked that in brain during neurodegeneration, in which brain soft-
ening occurs [38,39]. The SEM and AFM characterizations showed that
the hydrogel underwent a progressive rupture or breakdown during the
astrocytic differentiation, accompanied by changes in mechanical
properties. In addition, we measured the Ca®* concentration in the tis-
sue culture supernatant during the differentiation, and found that it kept
increasing with time (Fig. 6D), suggesting a continuous release of Ca%*
from the hydrogel. This finding explains the possible reason of the gel
decrosslinking and changes in mechanical properties, i.e., the Ca®* jons
that have crosslinked alginate are continuously exchanged by the
nongelling ions from the medium, such as Na', resulting in subtle
breakdown, rupture or swelling of the gel, and a decrease in elasticity.
All these changes can serve as mechanical stimuli to the cells, and
prompt the astrocytic differentiation.

To summarize, we conclude that a spontaneous, subtle, and pro-
gressive hydrogel decrosslinking can generate mechanical cues that are
transmitted to the cells. These cues activate Piezol Ca®" channel,
facilitate actin cytoskeleton assembly, and eventually lead to promoted
astrocytic differentiation through a YAP/TEAD-dependent transcrip-
tional regulation on the alginate hydrogel (Fig. 6E).

4. Discussion and conclusion
In this work, we have demonstrated an alginate hydrogel-based

platform that can significantly improve the astrocytic differentiation
efficiency of hNSCs. In vitro, astrocytes are normally induced from NSCs

*p < 0.0001,

or induced pluripotent stem cells (iPSCs). The traditional differentiation
method from NSCs takes 1-3 weeks [4,5], and that from iPSCs is more
time-consuming and complicated [40]. Alginate hydrogel is an excellent
biomaterial for neural cell culture and differentiation, which has been
shown to regulate astrocyte development and activities [41,42]. Here,
our method using the alginate hydrogel as a substrate can largely
shorten the time course for astrocytic differentiation. Moreover, the
preparation of hydrogel is simple, requiring no complex fabrications,
and the effect of the hydrogel in boosting astrocyte generation is highly
reproducible. The obtained human astrocytes can be further character-
ized and employed in the future research of neurobiology.

Next, we have elucidated the underlying mechanism that leads to the
enhanced astrocytic differentiation on the hydrogel from a mecha-
nobiology perspective, and have revealed a novel regulatory pathway
through the stretch-activated Ca®" channels, actomyosin cytoskeleton,
and YAP-mediated transcription. Earlier studies have demonstrated a
BMP-induced astrocytic differentiation pathway facilitated by YAP and
Smad-mediated transcription in rodents [10,11]. Our work shows that
the YAP-TEAD interaction is necessary for promoting the serum-induced
astrogenesis in the hNSCs; whether the YAP-Smad axis also makes
contribution would be interesting to figure out in the future.

The Piezol activity, triggered by cytoskeletal traction force, has been
shown to facilitate YAP nuclear translocation and transcription [9,36],
consistent with our results. However, Piezol and YAP are indicated to
suppress astrocytic development in one of those studies [9]. This
contradiction can be due to the different substrates employed: while the
mechanotransduction mechanism revealed in our work is based on the
soft hydrogel substrate (elastic modulus ~ 1 kPa), the other is based on a
conventional coverslip (elastic modulus in the order of GPa). The
dominant regulatory pathway for astrocytic differentiation on stiff or
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Fig. 5. The YAP-mediated transcription and actomyosin cytoskeleton contribute to astrocytic differentiation on the hydrogel. (A) YAP immunofluorescence indi-
cating nuclear localization (circled by white lines) in cells grown on PS and on hydrogel without or with the treatment of GAdCl;, (B) Quantifications on YAP nuclear-
to-cytoplasmic (N/C) ratio as in (A). N > 36 imaging fields from three experiments. (C) YAP immunofluorescence in cells grown on PS and on hydrogel without or
with the treatment of verteporfin (VP). (D) Quantifications on YAP N/C ratio as in (C). N > 21 imaging fields from three experiments. (E-F) Immunofluorescence
images (E) and quantifications (F) of the astrocytic markers S100B (red) and GFAP (green) in cells on PS and on hydrogel without or with the treatment of VP. N > 20
imaging fields from three experiments. (G) Relative mRNA levels of astrocytic markers in cells differentiated on PS and on hydrogel without or with VP treatment.
GAPDH gene was used as an internal control. N = 6 from two independent experiments. (H) (upper) Immunofluorescence of F-actin (red) and YAP (green) in cells
grown on PS and alginate hydrogel (ALG) before (Day 0) and after (Day 3) astrocytic differentiation. Nuclei are stained by DAPI (blue) or circled by a white line.
(lower) Intensity profiles of YAP and DAPI fluorescence along the red lines. Values are normalized to the average value of YAP intensity. (I-J) Quantification on F-
actin intensity (I) and N/C ratio of YAP fluorescence (J) as in (H). N > 22 imaging fields from three experiments. The Day3-to-DayO0 ratios (D3/D0) are quantified by
the mean value from three experiments. (K-L) Effects of Cytochalasin D (K) or Blebbistatin (L) treatment on astrocytic differentiation to cells on the hydrogel.
Quantifications are based on immunofluorescence images. N > 17 imaging fields from two experiments. “Fluo. Int.” indicates averaged total cellular fluorescence
intensity per image. All data are presented as Mean =+ SE, normalized to the first columns. NT, nontreated control. Ns, p > 0.05; *p < 0.05, **p < 0.01, ***p < 0.001,
**kkp < 0.0001, two-tailed student’s t-test. (Scale bars: 20 pm). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

soft substrate may be distinct because of different cellular tension. The
questions regarding how the Piezol-mediated Ca®" signaling is involved
in the regulation of YAP translocation and how the YAP/TEAD-mediated
transcription promotes the gene expression toward astrogenesis remain
unclear, which requires further investigations.

Interestingly, it has been reported by several previous studies that
the matrix degradation-induced cellular traction can regulate stem cell
fate, using 3D hydrogels [43,44]. Unlike those works in which the
hydrogel was degraded or digested by the embedded cells themselves,
our study demonstrates a new finding in 2D, where the environmental
“weathering effect” of the hydrogel plays a role in promoting cell

differentiation. As this effect alters the mechanical properties of the
hydrogel, in particular, resulting in hydrogel softening that recapitulates
the softened brain in the context of neurodegeneration [38,39], our
system may provide a simplified platform to study the mechanobio-
logical mechanisms of neurodegenerative disorders [45].

Collectively, our study has shown that the alginate hydrogel can
drastically promote the astrocytic differentiation of hNSCs through
mechanical regulations via stretch-activated Ca?* channels, actomyosin
cytoskeleton and YAP-mediated transcription. While demonstrating an
original and efficient approach to obtain astrocytes in vitro, we provide a
practical biomaterial platform to study neuromechanobiology, and
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offers novel insights into the mechanism of astrocyte development from
a lens of mechanobiology.
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