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A B S T R A C T   

The behavior of stem cells is regulated by mechanical cues in their niche that continuously vary due to extra-
cellular matrix (ECM) remodeling, pulsated mechanical stress exerted by blood flow, and/or cell migration. 
However, it is still unclear how dynamics of mechanical cues influence stem cell lineage commitment, especially 
in a 3D microenvironment where mechanosensing differs from that in a 2D microenvironment. In the present 
study, we investigated how temporally varying mechanical signaling regulates expression of the early growth 
response 1 gene (Egr1), which we recently discovered to be a 3D matrix-specific mediator of mechanosensitive 
neural stem cell (NSC) lineage commitment. Specifically, we temporally controlled the activity of Ras homolog 
family member A (RhoA), which is known to have a central role in mechanotransduction, using our previously 
developed Arabidopsis thaliana cryptochrome-2-based optoactivation system. Interestingly, pulsed RhoA activa-
tion induced Egr1 upregulation in stiff 3D gels only, whereas static light stimulation induced an increase in Egr1 
expression across a wide range of 3D gel stiffnesses. Actin assembly inhibition limited Egr1 upregulation upon 
RhoA activation, implying that RhoA signaling requires an actin-involved process to upregulate Egr1. Consis-
tently, static-light RhoA activation rather than pulsed-light activation restricted neurogenesis in soft gels. Our 
findings indicate that the dynamics of RhoA activation influence Egr1-mediated stem cell fate within 3D matrices 
in a matrix stiffness-dependent manner.   

1. Introduction 

It is known that the behavior of stem cells, including self-renewal and 
differentiation, is regulated by mechanical cues from their niches [1–4]. 
In particular, the native cellular niche subjects cells to spatiotemporally 
varying mechanical forces and force-dependent signals, since the niche 
is modified both acutely and chronically through in situ synthesis, 
localized degradation, and remodeling [4,5]. Furthermore, due to heart 
contraction, tissues including the brain experience oscillatory contrac-
tion [6,7]. In addition, cell movement and shape remodeling continu-
ously exert dynamic mechanical forces on neighboring cells [8,9]. 

Mechanotransduction – the transduction of such mechanical cues 
into intracellular biochemical signals – involves several molecular 
signaling mechanisms ranging from stretch-activated ion channels to the 
activation of kinase cascades and GTPases [10–12]. One mechanism that 

is centrally involved in many cellular responses to mechanical force is 
the activation of Ras homolog (Rho) family GTPases, particularly family 
member A (RhoA) [13–15]. In particular, RhoA signaling plays a key 
role in regulating the actin cytoskeleton, including actin polymerization 
and actomyosin contractility. By extension, RhoA functions as a key 
intermediary in transducing mechanical cues to regulate stem cell 
behavior such as fate commitment and differentiation. For example, our 
group previously found that signals transduced by RhoA and other small 
GTPases regulate mechanosensitive neural stem cell (NSC) lineage 
commitment on 2D substrates [16], with stiff 2D matrices inhibiting 
neurogenesis and promoting astrogenesis through activation of Rho 
GTPases. 

While this and other studies [17] have established that RhoA activity 
regulates stem cell fate, the effect of spatiotemporal variation in Rho 
signaling on cell fate has not been broadly explored. Optogenetic control 
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has emerged as an important approach to investigate the complex nature 
of Rho-mediated contractility on mechanical forces [18] and to decipher 
mechanosensitive signaling pathways that regulate cell behavior [19]. 
For example, Ju et al. [20] observed that the amplitude of a single signal 
can induce distinct cell shapes through the rheostatic control of RhoA 
activity with a photoswitchable RhoA guanine nucleotide exchange 
factor (GEF). Furthermore, using a FRET sensor, we observed different 
RhoA activation dynamics on stiff vs. soft 2D gels, and using our pre-
viously developed Arabidopsis thaliana cryptochrome-2 (cry2)-based 
RhoA photoactivating system [21], we revealed that NSC lineage 
commitment is dependent on temporal variation of RhoA signaling on 
2D substrates [22]. That is, increasing the pulse frequency of RhoA 
activation promoted astrogenesis while restricting neurogenesis. 

However, most of these studies have been conducted based on 2D 
substrates, and 2D mechanosensory mechanisms do not necessarily 
translate into 3D systems that better emulate the natural tissue micro-
environment [23–25]. In particular, we recently reported that early 
growth response 1 (Egr1) expression is upregulated in stiff 3D but not 2D 
matrices and mediates 3D matrix-specific mechanosensitive NSC lineage 
commitment [26]. Egr1 knockdown rescued neurogenesis in 3D stiff 
gels, whereas it did not exhibit any significant effect in 2D gels. 
Furthermore, Egr1 expression substantially dropped with osmotic 
manipulation of cell volume, supporting the idea that ECM confining 
stress, which exists in 3D and not in 2D, may contribute to 3D stiffness 
dependence of Egr1 expression. In addition, it has also been reported 
that Egr1 is rapidly upregulated by mechanical stimulation for Chinese 
hamster ovary (CHO) cells and is a downstream target of RhoA signaling 
during mechanotransduction in T cells [27,28]. These observations 
imply that Egr1 is an important mediator of dynamic mechanical cues in 
the regulation of stem cell behavior in 3D matrices. However, the rela-
tionship between RhoA and Egr1 has not been explored in 3D or in NSCs. 
In the present study, we encapsulated NSCs within hyaluronic acid (HA) 
hydrogels [29,30] at two different stiffness conditions (0.1 kPa: soft; 1.2 
kPa: stiff) and found that RhoA activity fluctuated in a matrix stiffness- 
dependent manner with faster oscillation in stiffer 3D matrices. 
Furthermore, we observed that upon static blue light stimulation of cells 
expressing optogenetic RhoA, Egr1 was upregulated within both soft and 
stiff matrices. However, intriguingly, only NSCs in stiff gels exhibited 
Egr1 upregulation under pulsed-light activation, thereby demonstrating 
that dynamic RhoA activation regulates Egr1 in a stiffness-dependent 
manner in a 3D microenvironment. Moreover, only static RhoA activa-
tion exhibited increased phalloidin intensity in 3D soft gels. Pharma-
cological inhibition of actin polymerization hampered Egr1 upregulation 
upon both static and pulsed RhoA activation, indicating that RhoA- 
mediated Egr1 upregulation involves actin assembly. Consistently, 
only static RhoA activation increased neurogenesis in 3D soft gels. In 
contrast, neither pulsed nor static RhoA activation significantly affected 
neurogenesis in stiff gels, potentially because the expression of Egr1 was 
already sufficient to maximally restrict neurogenesis. Collectively, our 
findings uncover how the dynamics of RhoA signaling influence Egr1- 
mediated NSC lineage commitment in 3D matrices, which offers insights 
into how 3D-matrix stiffness regulates Egr1 expression during 
mechanosensing. 

2. Results 

2.1. RhoA signaling regulates mechanosensitive NSC lineage commitment 
in 3D matrices 

To investigate whether RhoA signaling influences NSC fate 
commitment in 3D matrices, we cultured cells within 3D gels in a dif-
ferentiation medium that induces a mixture of neuronal and glial dif-
ferentiation. Based on the stiffnesses of mammal brain tissues, which 
have been reported to range from 0.1 to 1.2 kPa, the stiffness in the same 
range was controlled by adjusting the molar ratio of azide (crosslinker) 
to HA monomer: ratio 0.02 for 0.1 kPa (soft) and 0.04 for l.2 kPa (stiff) 

[26]. Just after encapsulation of the cells with these gel formulations, we 
added a selective Rho-associated kinase (ROCK) inhibitor (Y27632) to 
the cells to block ROCK signaling, as well as dimethyl sulfoxide (DMSO) 
as a vehicle control for 3 h. There was no significant difference between 
cells in soft and stiff gels immediately after the encapsulation (0 h) 
(Fig. 1A). In contrast, after 3 h of encapsulation with DMSO treatment, 
we observed stiffness-dependent actin cytoskeletal assembly, with more 
intense cortical actin structures in stiff (1.2 kPa) than in soft (0.1 kPa) 
gels (Fig. 1B). This corresponds well with our previous study showing 
the same stiffness dependence of cytoskeletal assembly without any 
treatment [26]. However, the treatment with Y27632 qualitatively 
restricted actin formation in stiff gels. This result indicates that Rho/ 
ROCK signaling regulates actin cytoskeletal assembly in 3D matrices. We 
next performed fluorescence immunostaining for neuronal (neuron- 
specific class III β-tubulin (Tuj1)) and astrocytic (glial fibrillary acidic 
protein (GFAP)) lineage markers after 7 days of encapsulation under 
vehicle- or Y27632-treated conditions (Fig. 1C and D). Consistent with 
our previous work [26], fate commitment was mechanosensitive in 3D 
matrices, with higher neurogenesis in soft gels. In contrast, Y27632 
treatment reduced neurogenesis in soft gels to a similar level to that of 
stiff gels, and the opposite trend was observed for astrogenesis: the 
higher astrogenesis in stiff gels without Y27632 treatment was recip-
rocally diminished in gels with Y27632 treatment. These results imply 
that RhoA signaling plays an important role in mechanosensitive NSC 
lineage commitment in 3D matrices. 

2.2. RhoA activity fluctuates in a mechanosensitive manner within a 3D 
microenvironment 

We next examined RhoA activation dynamics in the soft and stiff 3D 
gels using NSCs expressing a fluorescence resonance energy transfer 
(FRET)-based RhoA biosensor (RhoA2G) [31]. The biosensor is a 
genetically encoded fusion of the RhoA-binding domain (RBD) of the 
effector rhotekin with a donor fluorophore (mTFP1) and an acceptor 
fluorophore (Venus) for RhoA (Fig. 2A). The RBD binds guanosine 
triphosphate (GTP)-RhoA, the active form of RhoA [32], leading to a 
conformational change that brings Venus and mTFP1 in close proximity, 
thus increasing FRET intensity. After 3 h of 3D gel encapsulation in 
differentiation medium, we measured the spatiotemporal FRET intensity 
of RhoA2G-expressing NSCs (Fig. 2B). As has been previously described 
[22,31], the distribution of RhoA2G was mostly cytosolic and excluded 
from the nucleus. Moreover, interestingly, we observed that RhoA ac-
tivity oscillated in NSCs within 3D matrices, and the periodicity 
depended on the stiffness of the 3D matrix (Fig. 2C and D). The mean of 
the RhoA oscillation period in soft gels (15.84 min) was more twice that 
in stiff gels (7.63 min). These results show that RhoA activation varies 
temporally with stiffness, thereby suggesting a role for RhoA dynamics 
in mechanosensitive NSC lineage commitment in 3D matrices. 

2.3. Dynamic RhoA activation is more likely to upregulate Egr1 in stiffer 
3D gels 

We next investigated whether the mechanosensitive behavior of 
NSCs in a 3D matrix is dependent on the temporal variation of RhoA 
activation. To temporally control RhoA activity, we utilized an opto-
genetic approach (Fig. 3A). We encapsulated NSCs expressing Cry2- 
RhoA (hereafter named ‘optoRhoA’ cells) [21] within 3D gels and 
controlled RhoA activation via blue light stimulation using a specialized 
LED illumination device (a light activation at variable amplitude (LAVA) 
device) that allows precise control of the light intensity and frequency 
[33]. Upon illumination, optoRhoA cells in both soft and stiff 3D gels 
showed an increase or enlargement in distinct fluorescent Cry2- 
mCherry-RhoA puncta within 6 min (Fig. 3B and C), consistent with 
our prior work demonstrating cluster formation and RhoA signal acti-
vation upon optoRhoA illumination [21,22]. 

We next focused on the expression of Egr1 as an upstream regulator 
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of mechanosensitive NSC lineage commitment in response to RhoA 
activation. In a previous study, we discovered that Egr1 is a 3D matrix- 
specific mediator of mechanosensitive NSC lineage commitment that 
restricts neurogenesis in stiffer gels [26]. Additionally, we found that the 
stiffness-dependent increase in Egr1 expression is highly associated with 

cortical actin assembly and pharmacologically induced RhoA activity. 
Furthermore, it has been reported that Egr1 is rapidly upregulated in 
CHO cells in response to cyclic forces within 15 s [27]. With these ob-
servations in mind, we first investigated whether the intensity of blue 
light influences the mRNA expression level of Egr1 in 3D matrices. To 
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Fig. 1. Pharmacological inhibition of RhoA signaling perturbs mechanosensitive NSC lineage commitment in 3D matrices. (A) Representative phalloidin-stained 
NSCs in soft (0.1 kPa) and stiff (1.2 kPa) 3D matrices immediately following encapsulation (0 h) and after 3 h of encapsulation under DMSO or Y27632 (ROCKi, 
10 μM)-treated condition (scale bar: 20 μm). (B) Quantification of peak cortex actin intensity line scan after background subtraction. (C) Immunofluorescence 
staining of NSCs differentiated in soft (0.1 kPa) and stiff (1.2 kPa) gels: neuronal lineage (β-tubulin III), green; astrocyte lineage (GFAP), red. The cells were treated 
with DMSO or Y27632 (ROCKi, 10 μM) for 48 h during differentiation (scale bar: 50 μm). (D) Quantification of the lineage marker-positive percentage of NSCs via 
immunofluorescence staining in (C). The results from n = 5 technical replicates with two biological replicates were subjected to one-way analysis of variance 
(ANOVA) followed by Tukey’s test. ****P < 0.001, ***P < 0.005, **P < 0.01, *P < 0.05. The bars in the graphs show the mean ± SD. 
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Fig. 2. NSCs exhibit mechanosensitive RhoA activity fluctuation in 3D matrices. (A) A schematic of the structure of the FRET biosensor (RhoA2G) to spatiotem-
porally visualize the RhoA activity of NSCs encapsulated within 3D gels. (B) FRET images of RhoA2G NSCs encapsulated within soft (0.1 kPa; left) and stiff (1.2 kPa; 
right) gels (scale bar: 20 μm; color bar represents FRET index). (C) Representative change of normalized FRET index over time. (D) Evaluation of the period of RhoA 
oscillation. The results from more than four regions of n > 9 cells per each set of conditions were subjected to Student t-test. ****P < 0.001, ***P < 0.005, **P < 0.01, 
*P < 0.05. The bars in the graphs show the mean ± SD. 
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this end, we illuminated cultures at three different intensities (0, 0.5, or 
1 μW/mm2) using LAVA devices directly after encapsulation in soft (0.1 
kPa) or stiff (1.2 kPa) 3D gels (Fig. 3D). After 4 h of static illumination, 
cells were harvested to measure the Egr1 expression level via qPCR. Blue 
light illumination at an intensity of 0.5 or 1 μW/mm2 increased Egr1 
expression in cells embedded in both soft and stiff 3D gels compared to 
no illumination. Both 0.5 μW/mm2 and 1 μW/mm2 for 4 h led to similar 
Egr1 expression, potentially because the lower dose already saturated 
the Egr1 expression level, leading to no further statistically significant 
increase in the Egr1 expression under elevation to 1 μW/mm2. The dif-
ference in the overall light dosages for 0.5 μW/mm2 and 1 μW/mm2 over 
4 h was not sufficient to induce a difference in Egr1 expression. This may 
be because the total dosage at 0.5 μW/mm2 is already sufficient to 
induce the maximum possible increase in Egr1 expression, leading to no 
further statistically significant increase in the Egr1 expression under the 
1 μW/mm2 intensity condition. Given these results, we next sought to 
see whether light duration at 1 μW/mm2 influences the Egr1 expression 

level in 3D matrices. To this end, we illuminated cells for three different 
durations (1.5, 3, or 4.5 h) while maintaining a total encapsulation time 
of 4.5 h for each experiment (Fig. 3E). Intriguingly, only 3 and 4 h of 
illumination induced statistically significant increases in Egr1 expression 
within soft 3D gels, whereas within stiff 3D gels, Egr1 was upregulated 
under all of the light durations, including 1.5 h. 

Given that the Cry2 clustering-based optogenetic system enables the 
translocation of RhoA to membranes or vesicles within seconds of light 
activation [21], we also illuminated optoRhoA cells under three 
different sets of light-pulsing conditions (10 s on/10 s off, 1 min on/1 
min off, 30 min on/30 min off, or 2 h on/2 h off) or static illumination 
(Fig. 3F). Light intensity (1 μW/mm2) and total illumination time (4 h) – 
and thus overall light dosage – were kept the same under all the light- 
pulsing conditions. Notably, cells in soft gels exhibited Egr1 upregula-
tion only under static illumination and not under any of the light-pulsing 
scenarios. In contrast, increased Egr1 expression by cells within stiff gels 
was observed under all the light-pulsing and static illumination 

10

BA

E

Cry2

RhoA

x

y

dark

hv

ON OFF

2hr

ON OFF

2 2

ON OFF
F

200 400 600 800

C

Fig. 3. Temporally varying RhoA activation upregulates Egr1 in a matrix stiffness-dependent manner. (A) Schematic illustrations of the spatiotemporal optogenetic 
control of RhoA activity. Upon light (hv) activation, cry2-RhoA oligomerizes to activate RhoA signaling. (B) Illumination of NSCs expressing cry2-RhoA under static 
illumination (ON) or unilluminated (OFF) conditions. The cells were imaged after 3 h of encapsulation in soft (0.1 kPa) or stiff (1.2 kPa) 3D gels (scale bar: 10 μm). 
(C) Kymographs of cry2-RhoA fluorescence corresponding to the line in (B). (D) Egr1 mRNA expression after 4 h of static light illumination under three different light 
intensity conditions (0.5, or 1 μW/mm2) or no illumination. (E) Egr1 mRNA expression levels under light stimulation over three different durations (1.5, 3, or 4.5 h) 
or no illumination. (F) Egr1 mRNA expression levels under four different sets of light-pulsing conditions (10 s on/10 s off, 1 min on/1 min off, 30 min on/30 min off, 
or 2 h on/2 h). Illumination = ON; no illumination = OFF. The total experimental time was kept at 4.5 h and the Egr1 mRNA expression level was measured in cells in 
both soft and stiff 3D gels for each scenario. n = 3 technical replicates were analyzed using one-way ANOVA followed by a Tukey’s test. ****P < 0.001, ***P < 0.005, 
**P < 0.01, *P < 0.05. The bars in the graphs show the mean ± SD. 
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scenarios. Even though the total dose of light in each light-pulsing 
condition was half that under static illumination, the degree of Egr1 
upregulation in cells within stiff gels was the same. This could be related 
to the previous finding that there is no statistical difference in Egr1 
expression under light intensities of 0.5 and 1 μW/mm2 for 4 h (Fig. 3D). 

2.4. Activated RhoA signaling upregulates Egr1 through a cytoskeletal 
actin-involved process 

In prior work [26], we observed that stiffness-dependent Egr1 
expression in 3D was highly associated with actin assembly. Cortical 
actin formed more intensely in stiffer gels, and pharmacological inhi-
bition of this assembly blocked Egr1 upregulation, showing increased 
neurogenesis. We thus next investigated whether the RhoA-mediated 
Egr1 upregulation in 3D matrices is associated with altered cytoskel-
etal assembly. We first observed actin formation by imaging phalloidin- 
stained optoRhoA NSCs in soft and stiff 3D gels under vehicle- and actin 
assembly inhibitor cytochalasin D (cyt D)-treated conditions (Fig. 4A). 
Immediately after encapsulation, we stimulated NSCs with blue light to 
control RhoA activity with pulsed 10 s on/10 s off or static illumination, 
the duration of which is closest to the reported shortest duration (15 s) of 
mechanical stimulation for Egr1 upregulation [27]. We maintained 
constant intensity (1 μW/mm2) for 4 h of encapsulation, after which the 
cells were fixed for imaging. Consistent with our previous findings [26], 
cells in stiff gels with vehicle without light stimulation showed higher 
actin intensity than those in soft gels under the same conditions. 
Furthermore, activation of RhoA through static illumination caused 
more intense actin assembly in cells in both soft and stiff gels compared 
to no illumination. On the other hand, surprisingly, pulsed illumination 
(10 s on/10 s off) did not significantly affect actin cytoskeletal formation 
in cells in both soft and stiff gels compared to without illumination. 
Consequently, cells still maintained stiffness-dependent cytoskeletal 

formation under the pulsed illumination. These results indicate that only 
static light stimulation promotes actin cytoskeletal assembly. Mean-
while, treatment with cyt D restricted actin assembly, leading less 
intensely formed cytoskeletal structures compared to corresponding 
vehicle-treated cells in all conditions. Based on these outcomes, we next 
examined whether Egr1 expression was perturbed after the inhibition of 
actin assembly (Fig. 4B). Although static illumination enabled the 
upregulation of Egr1 in cells in both the soft and stiff 3D gels, only those 
in stiff gels exhibited increased Egr1 expression under pulsed-light (10 s 
on/10 s off) illumination, corresponding well with what we previously 
observed (Fig. 3F). Notably, however, impairing actin assembly pre-
vented Egr1 upregulation with either static or pulsed (10 s on/10 s off) 
illumination. Taken together, our findings indicate that RhoA-mediated 
Egr1 upregulation under both pulsed and static light stimulation within 
stiff gels is highly associated with actin cytoskeletal assembly. This is 
consistent with our previous finding that Egr1 expression only increases 
in stiff gels under pulsed-light stimulation (Fig. 3F), indicating that some 
level of matrix-induced actin assembly is required for pulsed RhoA 
activation to increase Egr1 expression. 

2.5. RhoA activation decreases neurogenesis in cells only in soft gels 

We previously found that higher Egr1 expression in stiff gels restricts 
neuronal lineage commitment by suppressing β-catenin signaling [26]. 
Given the stiffness-dependent role of dynamic RhoA activation in Egr1 
upregulation, we next investigated whether dynamic RhoA activation 
influenced NSC lineage commitment. OptoRhoA NSCs in soft (0.1 kPa) 
and stiff (1.2 kPa) 3D gels were incubated for 7 days in differentiation 
media (Fig. 5A), and cells were stimulated with blue light (1 μW/mm2) 
under pulsed (10 s on/10 s off) or static conditions, or in the dark, for 18 
h. Static illumination under conditions we previously found induced 
Egr1 upregulation (Fig. 3D), decreased neurogenesis at 7 days in soft gels 
only, while astrogenesis increased (Fig. 5B). This result corresponds well 
with our previous finding that Egr1 overexpression decreases neuro-
genesis in cells in 3D soft gels only [26]. No significant reduction in 
neurogenesis was observed in stiff gels under both static and pulsed-light 
illumination despite Egr1 upregulation under these conditions. This 
outcome implies that although Egr1 was further upregulated in stiff gels 
through light stimulation (Fig. 3D–F), the levels could have already been 
sufficient to maximally suppress neurogenesis. In contrast, the decrease 
in neurogenesis of cells in soft gels upon pulsed illumination was not as 
pronounced as that upon static illumination. This is consistent with Egr1 
upregulation only occurring in cells within soft 3D gels upon static 
illumination (Fig. 3F). In sum, our results indicate that NSC lineage 
commitment in soft 3D gels is biased toward astrogenesis through static- 
but not pulsed-illumination mediated RhoA activation (Fig. 5C). 

3. Discussion 

Investigating how stem cells respond to not only static but also 
temporally varying mechanical signals may advance our understanding 
of stem cell fate regulation in natural tissue environments. In this study, 
we observed dynamic, stiffness-dependent RhoA activation in 3D 
matrices with a FRET-based RhoA2G biosensor, i.e. RhoA activity 
oscillated with shorter periods in stiff gels than in soft gels. Given this 
finding, we investigated whether and how dynamic RhoA activation 
regulated Egr1-mediated NSC fate commitment in a 3D microenviron-
ment through Cry2 clustering-based optogenetic temporal control. 
Temporally varied illumination of optoRhoA cells within 3D matrices 
revealed that dynamic RhoA activation regulated Egr1 expression in a 
matrix stiffness-dependent manner. Pulsed-light stimulation increased 
Egr1 expression in stiff gels but not in soft gels. In addition, inhibition of 
actin assembly restricted this Egr1 upregulation under both static and 
dynamic illumination conditions, thereby indicating that RhoA 
signaling-mediated Egr1 upregulation involves an actin-mediated pro-
cess. Consistent with the inhibitory role of Egr1 on neurogenesis in 3D 
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Fig. 4. Activated RhoA signaling upregulates Egr1 through an actin-involved 
process. (A) Representative microscopic images of phalloidin-stained opto-
RhoA NSCs in a soft gel (0.1 kPa) after the treatment of DMSO and in a stiff gel 
(1.2 kPa) after treatment with DMSO or cytochalasin D (cyt D; 1 μM) for 4 h. 
The light was applied statically (ON), pulsed (10 s on/10 s off), or else not 
applied (OFF) for 4 h immediately after encapsulation. Scale bar: 10 μm. (B) 
Egr1 mRNA expression levels in soft and stiff gels after treatment of DMSO or 
cytochalasin Dv (1 μM) for 4 h. n = 3 technical replicates were analyzed via 
one-way ANOVA followed by a Tukey’s test. ****P < 0.001, ***P < 0.005, **P 
< 0.01, *P < 0.05. The bars in the graphs show the mean ± SD. 
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matrices, static light stimulation decreased the neurogenesis of cells in 
soft gels, but pulsed-light activation did not. In contrast, despite the 
increased Egr1 expression upon static or pulsed-light stimulation of cells 
in stiff gels, the cells exhibited neither promoted astrogenesis nor further 
suppressed neurogenesis. This corresponds well with our previous 
finding that overexpression of Egr1 alters the NSC fate bias in soft gels 
but not in stiff gels [26]. 

RhoA activation under all the pulsed-light conditions with durations 
of 10 s or longer increased Egr1 expression in stiff gels. However, 
notably, this occurred only in a stiff matrix, implying that the latter 
provides more favorable conditions for Egr1 upregulation, potentially 
due to stiffness-dependent actin cytoskeletal formation in 3D matrices. 
Disruption of actin assembly limited Egr1 upregulation under both 
static- and pulsed-light RhoA activation, indicating that Egr1 upregula-
tion triggered by RhoA activation requires actin assembly. This supports 
our previous finding of lower Egr1 expression after the inhibition of actin 
assembly [26], which could be because endogenous RhoA activation 
cannot upregulate Egr1 when actin polymerization is restricted. 
Furthermore, although it is known that RhoA activation plays an 
important role in actin assembly, only static-light stimulation of RhoA 
activation promoted actin formation in cells in 3D gels whereas pulsed 

illumination was insufficient to stimulate it. Considering this outcome, 
dynamic stimulation may be more likely to upregulate Egr1 in cells in 
stiff gels than in soft gels because the former tend to have more highly 
assembled actin networks that prime the cell for RhoA activation- 
mediated Egr1 upregulation. 

Different cellular responses to static vs. dynamic mechanical signals 
have been reported previously. Our previous work has shown that the 
frequency of RhoA activation regulates NSC fate commitment in 2D 
substrates by influencing the persistence of SMAD1/5, a transcription 
factor that promotes astrocytic differentiation [22]. While Egr1 expres-
sion was not clearly dependent on the slightly different frequencies of 
RhoA activation in the present study, the dynamic RhoA activation may 
modulate the Egr1 expression depending on the stiffness of 3D matrices. 
Since several studies have shown that Egr1 is an immediate early gene 
(IEG) rapidly upregulated by external stimuli [27], it could be an 
important target for understanding how cells modulate gene regulation 
in response to dynamic mechanical cues. Sun et al. reported that the 
transcription of Egr1 in CHO cells is upregulated by cyclic forces at low 
frequencies on 2D substrates by unraveling chromatin and then inducing 
an enrichment of RNA Pol II to the transcription region [27]. 

However, little is known about the causal link between Egr1 
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Fig. 5. Activating RhoA signaling decreased neurogenesis in soft gels only. (A) Immunofluorescence staining of optoRhoA NSCs in soft (0.1 kPa) and stiff (1.2 kPa) 
3D gels incubated in media that support both neuronal and astrocytic differentiation for 7 days. Three different light stimulation conditions were applied for 18 h 
directly after encapsulation: unilluminated (OFF), pulsed-light (10 s on/10 s off), or statically illuminated (ON). Neuronal lineage (β-tubulin III), green; astrocyte 
lineage (GFAP), red (scale bar: 100 μm). (B) Quantification of β-tubulin III- and GFAP-positive cells differentiated in the soft and stiff 3D gels under the three different 
light stimulation conditions mentioned in (A). (C) An illustration showing the suggested mechanism of RhoA activation-mediated Egr1 upregulation and modulation 
NSC fate commitment in 3D gels. n = 3 or 4 technical replicates with two biological replicates were analyzed via one-way ANOVA followed by Tukey’s tests. ****P <
0.001, ***P < 0.005, **P < 0.01, *P < 0.05. The bars in the graphs show the mean ± SD. 
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expression and dynamic mechanical cues within a 3D microenviron-
ment, which better mimics a natural tissue environment. Considering 
this, our findings may provide novel insight into how cells process dy-
namic mechanical signals in a 3D microenvironment, which cannot be 
revealed via 2D substrate-based studies. 

4. Conclusions 

In summary, we have revealed a 3D stiffness-dependent relationship 
between dynamic RhoA activation as a function of optogenetic RhoA 
stimulation and mechanosensitive stem cell lineage commitment 
mediated by Egr1. In the future, it would be fruitful to reveal how RhoA 
activation, chromatin perturbation, and Egr1 transcription are linked. 
Furthermore, elucidating how rapid cytoskeletal formation and Egr1 
expression on a timescale of few minutes under temporally varied me-
chanical cues are integrated into long term changes in cell fate. 

5. Online methods 

5.1. NSC culture 

Adult rat hippocampal NSCs derived from female Fischer 344 rats 
(Charles River) were cultured in Dulbecco’s modified Eagle’s medium/ 
nutrient mixture F-12 (DMEM-F-12, Gibco) with N-2 supplementation 
(Life Technologies) and fibroblast growth factor (FGF)-basic (20 ng/ml; 
Peprotech). During culture, cells adhered to the tissue-culture poly-
styrene plates sequentially coated with poly-ornithine (10 μg/ml, Sigma- 
Aldrich) and laminin (5 μg/ml, Invitrogen), and the medium was 
replenished every 2 days. Cells were then treated with N-2 supple-
mented DMEM-F-12 for cell culturing our established mixed differenti-
ation medium containing retinoic acid (1 μM for the neuronal lineage) 
and fetal bovine serum (1 % for the astrocytic lineage) [16]. The dif-
ferentiation medium was also replenished every 2 days. After 7 days of 
differentiation, the cells were fixed for immunofluorescence imaging. 

5.2. NSC encapsulation 

HA (average molecular weight 66–99 kDa, Lifecore Biomedical) was 
functionalized with dibenzocyclooctyne (DBCO) groups via N-hydrox-
ysuccinimide (NHS)/N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
(EDC) activation as previously described [27]. Subsequently, DBCO- 
functionalized HA (HA-DBCO) was crosslinked to form hydrogels 
through strain-promoted azide-alkyne cycloaddition (SPAAC) between 
azide and DBCO functional groups by using polyethylene glycol (PEG)- 
bis (azide) (Sigma) as a crosslinker. Furthermore, an RGD sequence- 
containing peptide with azide functionality (K(N3)GS-GRGDSPG, 1 
mM, Genscript) was used to induce integrin binding of the cells. 
Encapsulation of the NSCs was carried out by incubating a mixture of 
HA-DBCO, PEG-bis (azide), the RGD peptide, and the cells for 10 min at 
37 ◦C. Finally, the cells were differentiated immediately after encapsu-
lation to start each experiment. 

5.3. RNA isolation and qPCR 

RNA extraction and quantitative polymerase chain reaction (qPCR) 
were performed to analyze the NSCs obtained from HA-DBCO gels. The 
gels were incubated in DMEM/F-12 containing hyaluronidase 
(750–3000 U/ml, Sigma Aldrich) for 30 min at 37 ◦C to extract the NSCs. 
The resulting suspensions were centrifuged at 200 ×g for 2 min to pellet 
cells, which were then washed with PBS. Total RNA was extracted from 
the cell pellets using the RNeasy Plus Micro Kit with gDNA eliminator 
columns (Qiagen) following the manufacturer’s protocol. After 
measuring the total RNA concentration, 600 ng of RNA was converted to 
cDNA using the iScript cDNA synthesis kit (Bio-Rad). The obtained 
cDNA was utilized for SYBR Green (Bimake) qPCR with a final con-
centration of 5 μM for both forward and reverse primers (Egr1-F: 

GTATGCTTGCCCTGTTGAGTCC; Egr1-R: CATGCAGATTCGA-
CACTGGAAG; 18S-F: GTAACCCGTTGAACCCCATTC; 18S-R: CCATC-
CAATCGGTAGTAGCGA), as shown in our previous study [26]. The 
qPCR was conducted for 34 cycles in a CFX connect real-time PCR sys-
tem (Bio-Rad). RNA level analysis was performed using the ddCt 
method, and each gene expression was internally normalized by the 
expression level of the housekeeping gene S18, run on the same qPCR 
batch. 

5.4. Immunocytochemistry 

NSCs in 3D gels were fixed with 4 % paraformaldehyde (Sigma) for 
15 min at room temperature. After washing three times with phosphate- 
buffered saline (PBS), the NSCs within each gel were fixed by incubating 
with a 4 % paraformaldehyde solution (Sigma) for 15 min at room 
temperature (RT). Fixed cells were incubated with Triton X-100 (0.3 % 
w/v, Sigma) and bovine serum albumin (BSA; 1 % w/v) in D-PBS 
(Dulbecco’s PBS) solution for 30 min at RT, and then washed with D- 
PBS. Samples were then incubated at 4 ◦C for 48 h with the following 
primary antibodies: mouse anti-N-cadherin (1:500, C3865, Sigma), 
mouse anti-Tubulin β 3 (TUBB3) (1:1000, 801201, BioLegend), rabbit 
anti-GFAP (1:1000, ab7260, Abcam), mouse anti-vinculin (1:200, 
ab18058, Abcam), and mouse anti-active-β-catenin (1:200, 05-665, 
Millipore). After washing with D-PBS, the resulting samples were 
stained with goat anti-mouse IgG (H + L) secondary antibody, Alexa 
fluor 488 (1:250, cat. no. A11001; Invitrogen) or goat anti-rabbit IgG (H 
+ L) secondary antibody, Alexa fluor 633 (1:250, cat. no. A21070; 
Invitrogen) for 40 min at RT, and then with 4′,6-diamidino-2-phenyl-
indole (DAPI, Sigma) for 10 min to counterstain cell nuclei. Cytoskele-
tons were stained with Rhodamine Phalloidin (1:40, cat. no. R415; 
Invitrogen). Fluorescent images were visualized via z-stacking with a 
confocal laser-scanning microscope (LSM 880, Carl Zeiss). 

5.5. RhoA FRET biosensor characterization 

To assess the temporal variation of Rho GTPase activation in NSCs, 
the latter were transduced with a viral vector for expressing a RhoA 
FRET sensor (RhoA2G) [31]. The transduced RhoA2G cells were 
encapsulated in soft (0.1 kPa) or stiff (1.2 kPa) 3D gels for 3 h and 
measured by using a live cell chamber in the confocal microscope. The 
donor was excited at 453 nm and emission from 520 to 580 nm was 
recorded every 10 s. The spatiotemporal FRET intensity was calculated 
using the FRET analyzer plugin in ImageJ. The periodicity of RhoA 
activation oscillation was obtained by using sine-fitting in ORIGIN. 

5.6. Optogenetic stimulation 

OptoRhoA NSCs were encapsulated in soft (0.1 kPa) or stiff (1.2 kPa) 
3D gels in 24-well plates (0030741021, Eppendorf, black-walled with a 
170 μm coverglass bottom) and loaded onto LAVA illumination devices 
[33] kept under standard tissue-culture conditions (37 ◦C). Optogenetic 
stimulation was performed with blue light at 470 nm for the desired 
temporal variations (static or pulsed) for 4–4.5 h in differentiation 
medium. 

5.7. Statistical analysis 

Data are expressed as mean ± SD. Statistical comparisons were 
conducted using independent example t-tests or one-way analysis of 
variance (ANOVA) with Tukey’s tests used to make pairwise compari-
sons between multiple groups. Statistical significance was set to p <
0.05. 
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