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L I F E  S C I E N C E S

Egr1 is a 3D matrix–specific mediator of mechanosensitive 
stem cell lineage commitment
Jieung Baek1,2, Paola A. Lopez1,3, Sangmin Lee4, Taek-Soo Kim4,  
Sanjay Kumar1,2,3,5,6*, David V. Schaffer1,2,3,7,8*

While extracellular matrix (ECM) mechanics strongly regulate stem cell commitment, the field’s mechanistic 
understanding of this phenomenon largely derives from simplified two-dimensional (2D) culture substrates. 
Here, we found a 3D matrix–specific mechanoresponsive mechanism for neural stem cell (NSC) differentiation. 
NSC lineage commitment in 3D is maximally stiffness sensitive in the range of 0.1 to 1.2 kPa, a narrower and more 
brain-mimetic range than we had previously identified in 2D (0.75 to 75 kPa). Transcriptomics revealed stiffness- 
dependent up-regulation of early growth response 1 (Egr1) in 3D but not in 2D. Egr1 knockdown enhanced 
neurogenesis in stiff ECMs by driving -catenin nuclear localization and activity in 3D, but not in 2D. Mechanical 
modeling and experimental studies under osmotic pressure indicate that stiff 3D ECMs are likely to stimulate Egr1 
via increases in confining stress during cell volumetric growth. To our knowledge, Egr1 represents the first 3D-specific 
stem cell mechanoregulatory factor.

INTRODUCTION
Mechanical properties of the cellular microenvironment have 
increasingly been recognized as important determinants of stem 
cell behaviors including self-renewal and differentiation (1–4). In 
particular, it has widely been accepted that spatial and temporal 
variations in extracellular matrix (ECM) stiffness modulate cyto-
skeletal tension and activate mechanotransductive signaling com-
plexes and transcription factors to regulate stem cell behavior (5–8). 
In our earlier work, we found that the mechanical stiffness of two- 
dimensional (2D) ECM substrates regulates neural stem cell (NSC) 
differentiation, where soft ECMs promote neuronal differentiation and 
stiff ECMs suppress neurogenesis and elevate glial differentiation (9). 
These effects were mediated by Rho family guanosine triphosphate 
(GTPase)–regulated cellular contractile forces. In addition, the tran-
scriptional coactivator Yes-associated protein (YAP) was up-regulated 
on stiff gels and suppressed neurogenesis by binding and sequester-
ing -catenin, a transcriptional coactivator that would otherwise 
up-regulate the proneuronal transcription factor NeuroD1 (10).

However, most such in-depth mechanistic analysis of how 
mechanical cues regulate stem cell behaviors involved 2D platforms, 
which contrast with natural 3D tissue microenvironments (11, 12). 
On 2D matrices, cell spreading and adhesion are polarized and are 
unlimited by physical confinement, and cells sense ECM stiffness by 
exerting inward traction forces (13, 14). In contrast, cell spread-
ing, migration, and growth are confined within 3D matrices, and 
mechanotransduction can thus also be influenced by other physical 
factors including the mechanical resistance of the surrounding 
ECM associated with compression (15–17) and degradability 

(18–20). Furthermore, in many 3D contexts, mechanotransduction 
and force generation occur through focal adhesion–independent 
mechanisms (20–22). For example, cells can migrate in confined 3D 
matrices in the absence of integrin-mediated adhesions, with cell-
ECM forces transmitted through friction (21). In addition, neural 
progenitor cell stemness in 3D matrices may be maintained through 
matrix remodeling–mediated cell-cell contact in the absence of integrin 
binding–associated cytoskeletal tension generation (20). Last, despite 
these advances in investigating 3D mechanoregulation, it is not well 
understood how mechanical inputs ultimately transcriptionally 
activate target genes that modulate stem cell fate in either 3D or 2D.

In this study, we investigated whether and how NSCs alter their 
fate choice in response to stiffness in 3D microenvironments. Using 
engineered hyaluronic acid (HA)–dibenzocyclooctyne (DBCO) 
hydrogels (23), we found that soft gels (0.1 kPa) strongly promoted 
neurogenesis, and stiff gels (1.2 kPa) suppressed neurogenesis, in a 
stiffness range that is far narrower than we previously found to 
regulate NSC fate in 2D (9, 10) and corresponds more closely to the 
stiffness of adult brain tissue (24–26). In addition, RNA sequencing 
(RNA-seq) revealed that the immediate early gene, early growth 
response 1 (Egr1) (27–29), which encodes early growth response 
protein 1 (EGR1), was highly up-regulated on stiff versus soft gels, 
in contrast to 2D gels where its expression was negligible. Further-
more, Egr1 knockdown (KD) rescued neurogenesis in stiff gels by 
reversing its suppression of -catenin signaling. Last, a substantial 
drop in Egr1 expression with osmotic manipulation of cell volume 
supports the idea that ECM confining stress during cell volumetric 
growth in 3D matrices may contribute to 3D stiffness dependence 
of Egr1 expression. In sum, this work implicates Egr1 as, to our 
knowledge, the first 3D matrix–specific mechanosensitive regulator 
of stem cell lineage commitment.

RESULTS
NSC lineage commitment in 3D gel is more 
mechanosensitive than in 2D gels
To investigate whether the lineage commitment of NSCs within 3D 
matrices is mechanosensitive, we synthesized a series of HA hydrogels 
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in which HA functionalized with DBCO (HA-DBCO) was cross-
linked with polyoxyethylene bis(azide) based on strain-promoted 
alkyne-azide cycloaddition (SPAAC) click chemistry (23). We engi-
neered these hydrogels to range in stiffness from 0.1 to 1.2 kPa, 
which corresponds to the reported elastic modulus of native brain 
tissue (Fig. 1A and figs. S1, A to F, and S2, A and B) (24–26). To 
assess the role of integrin ligation, we generated gels that either 
lacked or included pendant, azide-conjugated RGD peptides [K(N3)
GSGRGDSPG], hereafter referred to as RGD− and RGD+ gels, respec-
tively. RGD conjugation did not significantly alter elastic modulus 
within our working azide: HA monomer range (0.02 to 0.04).

We next investigated how NSC lineage commitment was affected 
by matrix mechanics and RGD status. NSCs were encapsulated and 
cultured in differentiation medium (9) that induces a mix of neuronal 
and glial differentiation for 7 days, fixed, and stained for neuronal 
(neuron-specific class III -tubulin, or Tuj1) and astrocytic (glial 
fibrillary acidic protein, or GFAP) lineage markers. We observed 
clear stiffness-dependent lineage distribution within this narrow 
stiffness range, with soft (0.1 kPa) gels strongly promoting neuro-
genesis and stiff (1.2 kPa) gels suppressing it (Fig. 1, B and C). As 

anticipated, the opposite trends were observed with respect to 
astrocytic differentiation. We also noted that the fraction of cells 
negative for both Tuj1 and GFAP did not differ significantly within 
0.1 to 1.2 kPa, indicating that this stiffness range does not notably 
influence overall cell differentiation (fig. S3). In addition, active 
caspase 3 levels for each lineage marker–positive cells were low 
across all the 3D gel conditions throughout the experiment (<4%), 
ruling out the possibility that the observed differences in lineage 
commitment were due to selective apoptosis of specific lineage 
progenitors (fig. S4, A to C). These results differ from our previously 
reported stiffness-dependent differentiation on 2D gels in two 
important respects (9). First, the range of stiffness sensitivity is much 
narrower in 3D than in 2D (0.1 to 1.2 kPa for 3D versus 0.75 to 
75 kPa for 2D), and accordingly, when NSCs were cultured on the 
apical 2D surface of these soft and stiff 3D gel formulations, we 
found no statistically significant variation in neurogenesis (Fig. 1C). 
Furthermore, only 3D gels showed distinctive morphological differ-
ences between soft and stiff gels (Fig. 1B), with a higher number of 
protrusions in soft gels but smaller and more rounded cellular mor-
phologies in stiff gels for both Tuj1+ and GFAP+ cells. Collectively, 
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Fig. 1. NSC lineage commitment in 3D gels is more mechanosensitive than on 2D gels between 0.1 and 1.2 kPa. (A) Shear elastic moduli of hydrogels controlled by 
the molar ratio of azides (cross-linker) to HA monomers. (B) Representative images of immunostaining for -tubulin III (green), GFAP (red), and DAPI (blue) in the soft and 
stiff 3D and 2D hydrogels. Scale bar, 100 m. (C) Quantification of -tubulin III–positive and GFAP-positive cells in RGD−/3D, RGD+/3D, and RGD+/2D hydrogels. The values 
0.02, 0.025, 0.03, and 0.04 represent the molar ratio of azide (cross-linker) to HA monomer. (D) Quantification of -tubulin III–positive cells in the soft (0.1 kPa) and stiff 
(1.2 kPa) hydrogels with two different condition sets: treatment of RGD sequence–containing peptides and RAD sequence–containing peptides (control) (left) and treat-
ment of Exo-1 and DMSO (control) (right). One-way ANOVA followed by Tukey test ****P < 0.001, ***P < 0.005, **P < 0.01, *P < 0.05. Graphs show means ± SD, n = 3 to 5 
biological replicates. ns, not significant.
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these results suggest that different mechanistic processes may mediate 
mechanosensitive lineage commitment in 3D versus 2D matrices.

Very similar stiffness-dependent trends in lineage commitment 
were observed in both RGD− and RGD+ gels (Fig. 1C), implying the 
dispensability of RGD-integrin ligation to the overall effect. To 
assess the possibility that cells in RGD− gels may be secreting and 
engaging RGD-containing proteins, we repeated studies in the pres-
ence of soluble blocking RGD peptides (and control RAD peptides), 
which did not appreciably alter the overall result (Fig. 1D and fig. 
S5A). The results were similarly unaffected by treatment with Exo-1 
(fig. S5B), which inhibits secretion of proteins including ECM by 
limiting vesicular trafficking between the endoplasmic reticulum 
and Golgi (Fig. 1D) (30). Together, these results suggest that the 
stiffness dependence of NSC lineage commitment is driven by 
3D-specific mechanics within the 0.1- to 1.2-kPa stiffness range and 
that the result is independent of RGD ligand binding.

Egr1 expression is dependent on 3D gel stiffness 
and regulated by 3D matrix–specific mechanics
To investigate molecular mechanisms underlying mechanosensitive 
lineage commitment in 3D, we performed unbiased RNA-seq on 
NSCs encapsulated within the 3D gels under mixed differentiation 
conditions (Fig. 2A). We harvested mRNA after 12 hours following 
encapsulation, a time we previously demonstrated NSCs to be max-
imally primed to respond to stiffness cues in 2D (10). We carried 
out two comparisons (RGD+/stiff versus RGD+/soft and RGD−/
stiff versus RGD−/soft) to identify differentially expressed genes 
(DEGs) between soft and stiff matrices in the presence or absence 
of RGD. Notably, the heatmap of DEGs for RGD+/stiff versus RGD+/
soft showed similar trends as RGD− gels, i.e., the primary clustering 
was based on stiffness rather than RGD functionalization (Fig. 2B), 

reenforcing our earlier data (Fig.  1,  B  to  D) indicating that RGD 
functionalization is largely dispensable for stiffness-dependent dif-
ferentiation. Likewise, 83.8% of DEGs from the comparison be-
tween RGD−/stiff versus RGD−/soft overlapped with those from the 
RGD+ gels comparison, and the number of DEGs from RGD+ ver-
sus RGD− was negligible for both soft and stiff gels as compared to 
that for stiff versus soft. Together, these results indicate that stiff-
ness rather than RGD binding is the more dominant factor regulating 
the NSC transcriptome at 12 hours in a 3D microenvironment.

Volcano plots of DEGs revealed that compared with soft matrices, 
stiff matrices uniformly induced higher expression of genes including 
Egr1, Spectrin beta, non-erythrocytic 1 (Sptbn1), mitogen-activated 
protein kinase kinase kinase kinase-4 (Map4k4), neural cell adhesion 
molecule 1 (Ncam1), and AT-rich interaction domain 1A (Arid1a) 
(Fig.  2,  C  and  D). The difference was clearest after 12 hours of 
encapsulation but became more muted after 48 hours, consistent 
with the idea that NSC lineage is maximally mechanosensitive 
during a finite time window (fig. S6) (10).

We found that Egr1 was the gene most differentially expressed 
between stiff and soft matrices, with either the highest (RGD+) or 
second highest (RGD−) −log10 adjusted P value. Egr1 is an immedi-
ate early gene (IEG) tightly associated with neuronal activity as well 
as a variety of higher-order processes such as learning, memory, 
response to emotional stress, and reward within the central nervous 
system (29, 31, 32). In addition, Egr1 expression has been reported 
to be rapidly up-regulated by mechanical stimulation in Chinese 
hamster ovary (CHO) cells (28) and is a target of the RhoA (33) and 
extracellular signal-regulated kinase (ERK) (34) signaling pathways 
previously implicated in mechanotransduction. We therefore 
hypothesized that Egr1 may be a previously unidentified regulator 
of NSC mechanosensitive lineage commitment in 3D.
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Fig. 2. Regulation of the transcriptome by matrix stiffness in 3D. (A) Schematics of experimental timeline (top) and the strategy to compare the overall transcriptome 
of NSCs based on the exogenous RGD ligand binding and stiffness (bottom). RNAs isolated from the cells embedded in four different hydrogels (RGD−/soft, RGD−/stiff, 
RGD+/soft, and RGD+/stiff) were used for this analysis. (B) A heatmap of the DEGs (from RGD+/stiff versus RGD+/soft comparison) between the four different hydrogels. 
Dendrograms indicate the clustering of 3D hydrogel conditions (top) and genes (left). Volcano plots of DEGs from stiff versus soft hydrogels with (C) and without (D) RGD 
functionalization.
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Quantitative reverse transcriptase polymerase chain reaction 
(qRT-PCR) validation of the RNA-seq results demonstrated that 
stiffness-dependent Egr1 expression appeared within 5 hours of 
encapsulation at levels twofold higher in stiff as compared with soft 
gels (Fig. 3A). In addition, this level increased for all 3D gels with 
encapsulation time up to 12 hours. Notably, Egr1 levels were 70 and 
1500 times higher in 3D gels than in corresponding 2D gels cultured 
in otherwise identical conditions after 5 and 12 hours, respectively, 
and Egr1 up-regulation was evident only in 3D. A similar trend was 
observed irrespective of material platform or RGD incorporation, 
with negligible Egr1 expression on 2D gels even when stiffness was 
raised to 73 kPa (fig. S7A). Then, assessment of the Egr1 expression 
levels after inhibition of protein synthesis by treatment of cyclo-
heximide (CHX) was carried out to investigate whether Egr1 ex-
pression is directly mechanosensitive, and thus occurs in the absence 
of new protein synthesis, or just a downstream marker of NSC 
lineage commitment. CHX treatment, under conditions that strongly 
inhibit protein synthesis in NSCs (fig. S7B), did not significantly 
change Egr1 expression level or its stiffness dependence in 3D gels 
(fig. S7C). This result demonstrates that Egr1 is directly mechano-
responsive and not simply an early marker of the fate commitment. 
Furthermore, as with lineage commitment, addition of soluble 
RGD peptides or Exo-1 did not significantly affect the 3D stiffness 
dependence of Egr1 (Fig. 3, B and C). To confirm stiffness-dependent 
expression of Egr1 at the protein level, we performed Western 
blotting for EGR1 in the four hydrogels (RGD−/soft, RGD−/stiff, RGD+/
soft, and RGD+/stiff). We observed the same trends as in RNA-seq 

and qRT-PCR (Figs. 2, C and D, and 3A), with markedly higher ex-
pression level in stiff gels (Fig. 3D and fig. S7, D and E). EGR1 protein 
expression was also negligible in 2D gels regardless of material platform 
and RGD incorporation even at higher stiffness (73 kPa) (fig. S7, F 
and G). To summarize, Egr1 expression depended on stiffness only in 
3D matrices and independently of RGD binding (Fig.  3E), with a 
trend that corresponded well with cell differentiation (Fig. 1, B to D).

EGR1 plays a role in the stiffness dependence of NSC lineage 
commitment only in 3D matrices by regulating 
-catenin signaling
To investigate the potential importance of Egr1 in stiffness-dependent 
NSC fate commitment in 3D, we depleted Egr1 with lentivirally 
delivered short hairpin RNAs (shRNAs) (Fig.  4A). Two shRNAs 
(shEGR1-1 and shEGR1-2) targeting different regions of Egr1 mRNA 
efficiently knocked down EGR1 protein expression compared to 
cells transduced with a control shRNA (shCtrl) (Fig. 4B). These 
cells were then differentiated within four different 3D gels (RGD−/
soft, RGD−/stiff, RGD+/soft, and RGD+/stiff) under mixed differen-
tiation conditions. Notably, Egr1 KD rescued neurogenesis in cells 
in stiff gels compared with shCtrl and naïve cells (Fig. 4, C and D) to 
levels similar to what we observed for naïve and shCtrl cells in soft 
matrices, again independent of RGD. Cells in gels with stiffness 
values greater than 1.2 kPa began to show a reduction in overall 
differentiation (fig. S8A) after (fig. S8A). [However, these data indi-
cate that Egr1 KD widens the stiffness range in which maximum 
neurogenesis (i.e., 70 to 80% on soft gels) is observed.
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Fig. 3. Matrix stiffness influences Egr1 mRNA and protein expression in a 3D-specific fashion. (A) Egr1 mRNA expression kinetics during differentiation within bare 
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NSCs encapsulated within the four different hydrogels (RGD−/soft, RGD−/stiff, RGD+/soft, and RGD+/stiff) for 24 hours. (E) Schematic illustration summarizing the stiffness 
and RGD dependence of Egr1 transcription in 3D gels, with stiffness-dependent Egr1 expression observed only in 3D matrices and independently of RGD-integrin binding. 
One-way ANOVA followed by Tukey test ****P < 0.001, ***P < 0.005, **P < 0.01, *P < 0.05. Graphs show means ± SD.
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Consistently, cell lines that overexpress Egr1 (pMXs-EGR1) 
(fig. S8B) exhibited lower neurogenesis than control cells (pMXs-
GFP) in 3D soft gels (irrespective of RGD status), demonstrating 
that Egr1 suppresses neuronal lineage commitment in 3D gels 
(fig. S8, C to E). No significant Egr1-dependent reduction in neuro-
genesis was observed in stiff gels, confirming the mechanosensitivity 
of the effect and implying that Egr1 levels in stiff gels are already 
sufficiently high to maximally suppress neurogenesis. Thus, Egr1 is 
both necessary and sufficient to suppress mechanosensitive neuro-
genesis in 3D. No significant difference in neurogenesis among 
naïve, shCtrl, and shEGR1-1 cells was detected for cells on 2D gels 
(Fig. 4, E and F). This finding is consistent with the very low, 
stiffness-independent Egr1 expression seen earlier on 2D gels and 
further reinforces that Egr1 does not mediate mechanosensitive 
lineage commitment on 2D gels (Fig. 4G).

We next asked how Egr1 regulates neurogenesis in 3D. The 
Wnt/-catenin signaling pathway is known to play critical roles in 
development, differentiation, and maintenance of stemness (35–37), 
and our and other groups (10,  35,  38) have implicated -catenin 
signaling in NSC differentiation into neurons. Active, nuclearly 
localized -catenin transcriptionally activates NeuroD1, a pro-
neuronal transcription factor for NSCs. Intriguingly, it has been 
reported that EGR1 binding sites are present in the promoters 
of >15 genes encoding factors in Wnt signaling pathway, indicating 
a potential link between EGR1 and Wnt signaling in NSC differen-
tiation (27).

To investigate whether -catenin can regulate neurogenesis 
within 3D matrices, CHIR, a highly potent and specific glycogen 
synthase kinase-3 (GSK3) inhibitor that potentiates -catenin activity, 
was added for 72  hours under differentiation conditions. CHIR 
treatment enhanced neuronal differentiation and reduced astrocytic 
differentiation in stiff gels (fig. S9, A to F). We then asked whether 
-catenin nuclear localization is regulated by 3D gel stiffness 
(Fig. 4H) and found that its nuclear/cytoplasmic intensity ratio was 
higher in both RGD−/soft and RGD+/soft gels compared to the stiff 
gels, implying that -catenin more strongly traffics to the nucleus in 
soft than in stiff gels. We then directly assessed -catenin–dependent 
transcription using an established -catenin–responsive luciferase 
reporter (39), 7xTFP, which we stably introduced into NSCs. We 
validated this reporter in our system by treating NSCs with CHIR, 
which resulted in a dose-dependent increase in bioluminescence 
(fig. S9A). After 72 hours of differentiation in 3D gels, higher luciferase 
expression was observed in soft gels than in stiff gels (Fig. 4I). 
Furthermore, Western blotting revealed that the soft gels exhibited 
higher activated -catenin (phosphorylated at Ser552) than in stiff 
gels, confirming stiffness-dependent -catenin activation at the 
protein level (Fig. 4J). Together, these observations demonstrate 
that stiffness-dependent neurogenesis in 3D matrices is regulated 
by -catenin signaling. The stiffness-dependent -catenin activity 
was not accompanied by differences in levels of YAP, a transcrip-
tional coactivator that has previously been implicated in stiffness- 
dependent stem cell differentiation (fig. S9G) (40–42). We recently 
showed that YAP is up-regulated in NSCs on 2D stiff gels, where it 
suppresses neurogenesis by binding and sequestering active -catenin 
(10). In addition, there was no significant difference in the nuclear 
localization of YAP between soft and stiff 3D gels (fig. S9H). While 
this result does not definitively rule out a role for YAP in stiffness- 
dependent Egr1 expression and neurosuppression, it does suggest 
that Egr1 suppresses neurogenesis through a distinct mechanism.

To determine whether EGR1 functionally regulates -catenin 
signaling, we made additional shCtrl and shEGR1-1 cell lines that 
express the 7xTFP -catenin-responsive luciferase reporter (fig. 
S9I). Egr1 suppression greatly enhanced -catenin activity in all 
gels, independent of stiffness or RGD functionalization (Fig. 4K). 
Although Egr1 suppression increased -catenin activation in both 
soft and stiff gels, neurogenesis was not enhanced in soft gels 
(Fig. 4D), suggesting that -catenin signaling in 3D soft gels may 
already be functionally saturated. Furthermore, we performed dif-
ferentiation assays with shEGR1-1 cells after treatment with MSAB, a 
selective inhibitor of -catenin (fig. S10A). Notably, MSAB negated 
the gains in neurogenesis induced by Egr1 KD in stiff gels (fig. S10, 
B and C). This further supports our conclusion that Egr1 restricts 
neurogenesis by regulating -catenin signaling.

To investigate how EGR1 may affect -catenin signaling in 3D 
gels, we performed qPCR to quantify mRNA expression levels of 
three genes that are involved in Wnt signaling and whose promoters 
harbor EGR1 binding sites (27): Axin1, Protein kinase cyclic ade-
nosine monophosphate (cAMP)–activated catalytic subunit alpha 
(Prkaca), and Dishevelled segment polarity protein 1 (Dvl1) (Fig. 4L). 
Notably, Egr1 KD did not reduce Axin1 levels despite reports that it 
up-regulates this Wnt signaling repressor and did not significantly 
alter Dvl1 levels; however, cells embedded in 3D gels showed 3.9- to 
5.5-fold enhancement in the expression of Prkaca after Egr1 KD. Prkaca 
encodes protein kinase A, which has been reported to phosphorylate 
-catenin at Ser552 and Ser675 and thereby promote its transcriptional 
activity (43–46). Consistent with this possibility, Egr1 KD increased 
the level of Ser552-phosphorylated -catenin for all the four different 
gel conditions (Fig. 4M), suggesting that Egr1 up-regulation in stiff 
gels suppresses Prkaca, thereby decreasing active -catenin (Ser552). 
Notably, Egr1 depletion in 2D did not significantly affect the ex-
pression of Axin1, Prkaca, or Dvl1 (Fig.  4L), corresponding well 
with our findings that Egr1 KD influences NSC fate decisions in 3D 
but not 2D (Fig. 4, D and E).

Collectively, our results suggest a mechanism by which the 
stiffness-dependent Egr1 expression regulates neurogenesis: The 
abundance of EGR1  in stiff gels may suppress Prkaca expression 
and, thus, -catenin signaling to reduce neuronal differentiation in 
3D matrices (Fig. 4N). In addition, the vanishingly low levels and 
lack of stiffness-dependent Egr1 expression in 2D are consistent 
with weak mechanoregulation in the 0.1-to-1.2 kPa stiffness range 
(Fig. 1C).

Higher Egr1 expression in 3D stiff gels is associated 
with cytoskeletal assembly
We next investigated mechanisms that may link 3D matrix stiffness 
to Egr1 expression. We and others (2, 9, 47) have strongly implicated 
cytoskeletal assembly and tension in 2D stiffness-dependent stem 
cell lineage commitment. Cross-sectional imaging in 3D gels showed 
that cells had more condensed actin structures in stiff than in soft 
gels (Fig. 5A). Conversely, cells on 2D gels did not exhibit marked 
differences in actin assembly within the same stiffness range, although 
cells on gels stiffer than ~2 kPa began to show higher spreading with 
enhanced actin intensity. These results indicate that the stiffness 
range of 0.1 to 1.2 kPa is sufficient to drive stiffness-dependent 
changes in actin cytoskeletal changes in 3D but not 2D. Further-
more, quantification of peak cortex actin intensity after lineariza-
tion (Fig. 5B) revealed that cells in stiff gels showed higher cortical 
actin intensity than those in soft gels while exhibiting no notable 
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difference in actin thickness (fig. S11A). To investigate how cyto-
skeletal tension regulates Egr1 expression, cells in 3D gels were 
treated with small-molecule inhibitors against myosin II, actin 
polymerization, and focal adhesion kinase (FAK) (Fig. 5C and fig. S11, 
B and C). Inhibition of myosin II and FAK by blebbistatin and PF-
573228 (PF), respectively, did not substantially alter the stiffness de-
pendence of Egr1 expression. Furthermore, cell sphericity, which 
indicates how spread the cells are in 3D gels, was not significantly 
changed after the treatment (fig. S11, D and E). However, inhibi-
tion of actin polymerization by cytochalasin D (cyt D), which low-
ered the level of actin intensity but not the thickness (Fig. 5D and 

fig. S11F), decreased Egr1 expression and weakened its stiffness de-
pendence. Consistently, disruption of actin polymerization rescued 
lower neurogenesis in stiff gels (Fig. 5E). Furthermore, treatment of 
actin stabilizer (jasplakinolide, 25 nM for 3 hours) slightly enhanced 
the Egr1 expression level, supporting our conclusion that actin as-
sembly increases Egr1 expression (fig. S11, G and H).

These results suggest that actin assembly may play a role in 
stiffness-dependent Egr1-mediated neurogenesis that is independent 
of myosin II-mediated contraction and FAK signaling (Fig.  5F). 
Furthermore, we investigated whether Egr1 expression can be reg-
ulated by Rho signaling, which is strongly associated with actin 
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Fig. 5. Actin assembly regulates stiffness dependence of Egr1 expression in 3D matrices. (A) Representative images of rhodamine-phalloidin–stained NSCs differentiated 
in RGD-functionalized 2D and 3D gels for 4 hours as a function of matrix stiffness (0.1, 1.2, and >2 kPa). Images for 3D gels were obtained after sectioning. Scale bar, 
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quantification of -tubulin III– and GFAP-positive cells in RGD+ gels after treatment with DMSO (control) and cyt D. Scale bar, 50 m. (F) Schematics showing proposed 
role of actin assembly in regulation of stiffness-dependent Egr1 expression in 3D matrices. One-way ANOVA followed by Tukey test ****P < 0.001, ***P < 0.005, *P < 0.05. 
Graphs show means ± SD. a.u., arbitrary unit.
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assembly and mechanics (9, 48). Treatment with a selective Rho- 
associated kinase (ROCK) inhibitor (Y27632) and a Rho kinase ac-
tivator (Calpeptin) reduced and increased Egr1 expression levels, 
respectively (fig. S11, I and J). These results support a mechanism 
in which increased stiffness enhances Rho/ROCK-dependent actin 
assembly, leading to increased Egr1 expression.

Confining stress is a 3D gel–specific mechanism that  
may contribute to stiffness-dependent actin assembly 
and Egr1 expression
Given the 3D-specific role of Egr1, we next considered biophysical 
mechanisms of mechanosensing that may be particularly important 
in 3D matrices. We reasoned that confining stresses experienced by 
cells as their volumes expand against the mechanical resistance of 
the matrix (15, 49) could represent an important regulatory factor 
operant in 3D but not 2D (Fig. 6A).

We observed that cell volume increases with encapsulation time 
following induction of differentiation for all the four 3D gels: 
RGD−/soft, RGD−/stiff, RGD+/soft, and RGD+/stiff (Fig. 6B). The 
soft gels showed slightly higher initial volume and more rapid volu-
metric growth than stiff gels for both RGD− and RGD+ conditions. 
Furthermore, sphericity fell slightly with increasing cell volume in 
soft gels, but the slope was not steep, with sphericity falling to a 
relative level of 0.8 to 1 irrespective of stiffness (fig. S12A). This 
indicates that isotropic volume expansion is more dominant than 
anisotropic expansion in both soft and stiff 3D gels. This trend was 
also observed for both soluble RAD peptide– and RGD peptide–
treated conditions (fig. S12B), demonstrating that volumetric growth 
within 3D gels occurs in both soft and stiff gels and is independent 
of RGD-integrin binding.

We next calculated the confining stress exerted from the sur-
rounding gels to the cell during cell volumetric growth by finite 
element modeling using ABAQUS 6.14 (Fig.  6C). We defined a 
model system with a thermally expanding sphere embedded with an 
elastic cube, where the spheres represent cells that volumetrically 
grow at a morphological aspect ratio of 1 and a zero stress just after 
encapsulation (0  hours). Stiff gels showed approximately 8- and 
11-times greater stress than soft gels after only 3 hours of encapsu-
lation under RGD− and RGD+ conditions, respectively. Further-
more, the time course of increasing stress with encapsulation time 
corresponds with our observed kinetics for Egr1 up-regulation 
(Fig. 3A).

We next investigated whether Egr1 expression is altered after 
relieving the effect of ECM confining stress (Fig. 6, C and D). Cell 
volumetric growth was inhibited by applying an osmotic stress by 
adding 400-Da polyethylene glycol (PEG 400) to the culture medium. 
To account for potential ECM-independent effects of osmotic 
pressure on cells, suspension cells were also incubated under 
osmotic pressure. Rheometric analysis of the gel under nontreated 
(Ctrl) and PEG 400–treated (PEG) conditions confirmed that 
1.5 weight % (wt %) of PEG does not significantly affect the shear 
elastic moduli of both soft (0.1 kPa) and stiff (1 kPa) gels (Fig. 6E). 
However, PEG treatment limited the cell volumetric expansion 
within the soft gels, even resulting in the volume similar to those in 
stiff gels for both RGD− and RGD+ conditions after 3 hours (Fig. 6F). 
The restricted cell volume expansion limited the increase in Egr1 
expression level with 3D gel encapsulation time compared with 
the unrestricted (Ctrl) condition, ultimately leading to significantly 
different Egr1 levels between the Ctrl and osmotic pressure (PEG) 

conditions after 9 hours (Fig. 6G). This volumetric restriction 
resulted in a marked 8- to 18-fold drop in Egr1 expression level in a 
PEG concentration–dependent manner after 3 hours of encapsula-
tion, whereas suspension cells in contrast showed slight increase in 
Egr1 expression with PEG 400 concentration (Fig. 6H). This slight 
Egr1 increase indicates that a decrease in cell volume, under suspen-
sion conditions where cells do not interact with ECM, actually 
enhances Egr1 expression. Similar results were observed with 2D gels, 
where PEG treatment induced a 10- to 20-fold Egr1 increase (fig. 
S13, A and B). These results are consistent with the hypothesis that 
ECM confining stress during cell volumetric growth, a 3D matrix–
specific physical factor independent of volumetric growth alone, may 
play an important role in Egr1 expression in 3D microenvironments.

Since we previously observed that actin assembly influences Egr1 
expression (Fig. 5C), we next examined whether there is a change in 
actin architecture after manipulating osmotic pressure. Cells in 
both soft and stiff 3D gels showed an overall reduction of cortex 
actin intensity under osmotic pressure (Fig. 6, I and J). This trend 
correlates well with the lower Egr1 expression level seen under 
osmotic pressure (Fig.  6G), suggesting a possible causal link be-
tween constrained volumetric growth–mediated regulation of Egr1 
and cytoskeletal assembly.

To determine potential contributions of matrix degradability, we 
repeated our studies in 3D HA matrices cross-linked with a matrix 
metalloprotease (MMP)–degradable peptide (highly degradable, 
KKCGGPQGIWGQGCKK) and a nondegradable peptide control 
(KKCGDQGIAGFGCKK) (50) affixed to the HA-DBCO backbone 
by terminal azides. Degradable gels showed more extended neurites 
with slightly enhanced neurogenesis at both soft and stiff conditions 
as compared with nondegradable control gels (fig. S14). However, 
degradable stiff gels were not nearly as neurogenic as nondegradable 
soft 3D gels, demonstrating that differences in matrix degradability 
do not fully account for our observed stiffness-dependent lineage 
commitment.

Stiffness-dependent Egr1 expression is associated 
with H3K9 trimethylation
In addition to cytoskeletal reorganization, cells could also potentially 
respond to confining stress through nuclear reorganization. Stiff 
gels induced a smaller nuclear size than soft gels for both RGD− and 
RGD+ conditions, indicating that nucleus is mechanically influenced 
by 3D gel stiffness regardless of RGD binding, as we previously 
observed for actin formation (Fig. 7A). Chromatin architecture, 
which is regulated in part by enzymatic acetylation and methylation, 
has recently been reported to exhibit stiffness-dependent accessibility 
in 3D matrices, with concomitant changes in gene expression (51). 
In particular, demethylation of histone H3 lysine-9 trimethylation 
(H3K9me3) has been shown to induce Pol II recruitment and in-
crease Egr1 transcription in cells under force (28). It has recently 
been reported from High-throughput Chromosome Conformation 
Capture (Hi-C) analysis that H3K9me3 is a strong functional marker 
for transcriptionally inactive chromosomal regions (52). Accordingly, 
we examined whether H3K9 trimethylation levels are dependent on 
stiffness under three different gel conditions: RGD-presenting 2D gels, 
RGD− 3D gels, and RGD+ 3D gels (Fig. 7B). 3D but not 2D gels exhibited 
stiffness-dependent H3K9 methylation, with higher H3K9me3 in soft 
than in stiff gels. Furthermore, the H3K9 demethylase inhibitor JIB-04 
notably reduced Egr1 expression for all 3D gel conditions (RGD−/soft, 
RGD−/stiff, RGD+/soft, and RGD+/stiff) despite an only 1.3-fold increase 
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Fig. 6. Regulation of stiffness-dependent Egr1 expression by confining stress during 3D volumetric growth. (A) Schematics illustrating potential role of confining 
stress as a 3D-specific regulator of Egr1 expression. (B) Representative 3D rendering of NSCs after 3 or 24 hours of encapsulation (top) and cell volumes (bottom). Cells 
were embedded in RGD−/soft, RGD−/stiff, RGD+/soft, and RGD+/stiff gels; 10 to 77 cells per group. Scale bar, 30 m. (C) ABAQUS simulation to calculate matrix confining 
stress during cell volumetric growth in the four gel conditions, showing: model system (left), color-coded stress field with the direction of matrix to the cells (center), and 
quantified stress values with incubation time (right). Close similarities between RGD+ and RGD− conditions reflect the RGD independence of measured cell volume, an input 
parameter. White dotted line represents the cell boundary. (D) Schematics depicting application of osmotic pressure to the cells in 3D gels to release confining stress during 
volumetric growth. Dotted line represents the cell size right after encapsulation. (E) Shear elastic moduli of RGD+/soft and RGD+/stiff gels incubated under nontreated 
(Ctrl) and PEG (1.5 wt %)–treated conditions for 3 hours. (F) Cell volume in soft gels with and without PEG (1.5 wt %) and stiff gels without PEG (3 hours). (G), Egr1 mRNA 
expression level changes in RGD+ soft and stiff gels under Ctrl and PEG (1.5 wt %) conditions (30 min, 3 hours, and 9 hours). (H) Egr1 expression as a function of PEG con-
centration for cells in suspension and in gels. (I) Scatter plot of peak cortex actin intensity versus projected cell area of the cells encapsulated in 3D RGD+/soft (left) and 
RGD+/stiff (right) gels under Ctrl or PEG (1.5 wt %) condition for 3 hours. (J) Representative images of phalloidin-stained cells in sectioned RGD+ gels under the Ctrl and 
PEG conditions and color-coded linearized view of the cortex for each image. Scale bar, 10 m. ****P < 0.001, ***P < 0.005, **P < 0.01, *P < 0.05.
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in H3K9me3 levels after JIB-04 treatment (Fig. 7C and fig. S15). Stiffness- 
dependent Egr1 expression was also slightly weakened by inhibition 
of H3K9 demethylase. Although this value was not as significantly 
altered as with actin assembly inhibition (Fig. 5C), the substantial 
decrease in Egr1 expression level for each gel condition indicates 
that H3K9me3 restricts the transcription of Egr1 in 3D gels. Given 
that both actin and H3K9 trimethylation play a role in Egr1 expres-
sion in 3D gels, we investigated whether altered actin assembly and 
H3K9 trimethylation are directly correlated with each other in a 
process of regulating stiffness-dependent Egr1 transcription in 3D 
gels. H3K9me3 levels did not substantially change after inhibition 
of actin assembly in either RGD− or RGD+ stiff gels, indicating that 
any alterations in cortical actin assembly observed in 3D stiff gels do not 
significantly influence H3K9 trimethylation (Fig. 7D). Together, 
our results demonstrate that less trimethylation of H3K9 in stiffer gels 
may induce higher Egr1 expression levels compared with soft gels, an 
effect that could potentially be linked with the stiffness-dependent con-
fining stress (Fig. 7E). While our results are broadly supportive of an 
epigenetic component to Egr1-mediated neurosuppression, a stron-
ger causal case could be made with studies focused on the Egr1 locus 
along with more global studies such as chromatin immunoprecipi-
tation followed by sequencing.

DISCUSSION
We investigated whether, and by what mechanism, NSCs exhibit 
mechanosensitive differentiation in 3D. Using a cross-linked 

HA-DBCO gel, we observed that ECM stiffness regulates 3D mecha-
nosensitive fate decisions in a narrower and more brain-mimetic 
stiffness range than 2D. Through unbiased transcriptome analysis, 
we identified a 3D matrix–specific mechanosensitive regulator, 
Egr1, whose genetic perturbation established its critical role in 
stiffness-dependent suppression of -catenin signaling and neuro-
nal differentiation. Furthermore, our results are consistent with the 
hypothesis that stiff 3D gels suppress neurogenesis because of en-
hanced confinement stress during volumetric expansion, which 
modulates actin assembly and increases Egr1 expression (fig. S16).

While several studies have shown differences in mechanosensitive 
stem cell behaviors between 2D and 3D microenvironments (5, 18, 19), 
little is known about how dimensionality-specific physical factors 
and their underlying biomolecular mechanisms regulate stem cells. 
In this study, we identified EGR1 as a key a mechanoresponsive 
transcriptional factor that regulates stiffness-dependent NSC lineage 
commitment. Egr1 exerted functional effects in 3D but not in 2D, 
where cells exhibited negligible Egr1 expression. To our knowledge, 
Egr1 thus represents the first reported 3D matrix–specific mecha-
nosensitive stem cell regulatory factor. Higher expression of Egr1 in 
3D stiff gels suppressed the expression of Prkaca and in the activa-
tion of -catenin signaling, raising the possibility of 3D-specific 
Egr1 regulation of -catenin signaling in numerous other biological 
processes. (53, 54) For example, Egr1 is known to regulate the syn-
aptic plasticity and activity of mature neuronal circuits, (29, 31, 32), 
and if it is also mechanosensitive in this context, it could modulate 
neuronal activity in older brain, which is known to soften with aging.
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confining stress via H3K9 trimethylation. One-way ANOVA followed by Tukey test. ****P < 0.001, ***P < 0.005, **P < 0.01. Graphs show means ± SD.
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Another intriguing finding was that the stiffness-dependent 
Egr1 expression was highly associated with a property specific to 3D 
matrix– specific mechanics (ECM confining stress), potentially ex-
plaining why Egr1 mediates mechanosensitive lineage commitment 
only in 3D. Osmotic restriction of cell volumetric growth in stiff 3D 
gels, which would be expected to reduce confining stress, altered 
actin cytoarchitecture and attenuated Egr1 expression. Thus, confin-
ing stress appears to increase Egr1 expression and influence stiffness- 
dependent lineage commitment through a mechanism that involves 
altered actin cytoarchitecture.

Unexpectedly,  stiffness-dependent NSC transcriptome in gen-
eral (Fig.  2B) and regulation of Egr1 expression specifically were 
observed in both bare gels and gels functionalized with an RGD 
peptide and occurred even upon inhibiting protein secretion by 
Exo-1. Of course, these findings do not rule out the possibility that 
adhesion to RGD motifs, secreted matrix, or the HA backbone itself 
regulates other important biological functions besides lineage 
commitment (55, 56). Instead, our model points to the centrality of 
confining stress in regulating lineage commitment, which is dictated 
by the mechanical properties of the surrounding matrix and not 
particular mechanism of adhesion.

Together, our work establishes an Egr1-mediated mechano-
transduction pathway that controls lineage commitment through 
mechanisms that are intrinsic to 3D matrices. In the future, it would 
be fruitful to develop strategies to directly manipulate confining 
stress independently from stiffness in 3D matrices to more pre-
cisely isolate the effect of confining stress on actin assembly, chro-
matin modification, and Egr1 expression. It will also be important to 
more thoroughly identify the molecular mechanisms that link ac-
tin assembly, Egr1 expression, -catenin, and neurogenic lineage 
commitment.

MATERIALS AND METHODS
Cell culture and differentiation
Adult rat hippocampal NSCs were derived from adult female Fischer 
344 rats (Charles River) as previously described (57). The cells were 
cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture 
F-12 (DMEM-F12, Gibco) supplemented with N2 supplement (Life 
Technologies) and fibroblast growth factor (FGF)–basic (20 ng/ml; 
Peprotech) on the tissue-culture polystyrene plates coated with 
poly-ornithine (10 g/ml, Sigma-Aldrich) and laminin (5 g/ml, 
Invitrogen) sequentially. The growth medium for undifferentiated 
cells was replenished every 2 days. To attain the cells in differentiated 
state, the cells were cultured in mixed differentiation medium 
(DMEM-F12 with N2 supplemented with 1 M retinoic acid and 
1% fetal bovine serum) right after being seeded onto gels or encap-
sulated with gels. The medium was replaced every 2 days during 
7 days of differentiation process. Then, the cells were fixed for 
immunofluorescence imaging.

DBCO functionalization to HA
Before making hydrogels, HA was modified with DBCO. First, 
carboxylic acid groups of sodium hyaluronate (average molecular 
weight 75 kDa; Lifecore Biomedical) dissolved in 2-(N-morpholino)
ethanesulfonic acid (MES) (1 mg/ml) were activated by N-(3- 
dimethylaminopropyl)-N′-ethylcarbodiimide (EDC, Sigma-Aldrich) 
and N-hydroxysuccinide (NHS; Sigma-Aldrich) for 1 hour. Then, 
0.6 equivalents of DBCO-amine (Sigma-Aldrich) in dimethylsulfoxide 

(DMSO) were added dropwise to the solution. After 48-hour 
reaction at room temperature, unreacted starting materials in the 
mixture were removed by centrifugation with a 10-kDa cutoff 
concentrator (Millipore), and the remaining reaction mixture was 
precipitated and washed with cold acetone twice. The precipitate 
was dissolved in ultrapure water and lyophilized for 2 days. The 
extent of DBCO functionalization to HA was estimated by 1H 
nuclear magnetic resonance spectroscopy.

Making HA-DBCO hydrogels
We formed HA-DBCO hydrogels by SPAAC, a bio-orthogonal 
gelation chemistry. HA-DBCO was dissolved in DMEM/F-12 to 
a final concentration of 3 w/v %, and poly(ethylene glycol) bisazide 
(PEG-bisazide; average Mn, 1100; Sigma Aldrich) was added for 
cross-linking. RGD sequence–containing peptide with azide func-
tionality [K(N3)GSGRGDSPG, 1 mM, Genscript] was also added to 
the HA formulation at the same time as necessary. Then, the mixture 
was incubated for 10 min at 37°C for cross-linking. The amounts 
of HA-DBCO and PEG-bisazide were varied to obtain the gels with 
different stiffnesses. The molar ratio of DBCO to HA monomer 
was controlled to be 0.02, 0.025, 0.03, and 0.04 with constant final 
HA-DBCO concentration in the hydrogel (3 wt %). For encapsulating 
the cells within hydrogels, cell suspension was added to the HA-DBCO 
solution right before adding PEG-bisazide.

Hydrogel characterization
Hydrogel stiffness was characterized by shear rheology via a Physica 
MCR 301 rheometer (Anton Paar) with an 8-mm parallel plate ge-
ometry for  = 0.5% and f = 1 Hz. Frequency was controlled to be 
between 50 and 1 Hz for the frequency sweep at a constant strain 
(  =  0.5%), and the modulus saturation curve with time was ob-
tained under oscillation with constant strain (  =  0.5%) and fre-
quency (f = 1 Hz). The temperature of the gel solution was controlled 
(T = 37°C) with a Peltier element (Anton Paar), and water was added 
around the solvent trap to prevent sample dehydration. Elastic 
modulus maps were also characterized by atomic force microscopy 
on a Vaeco (Bruker) Catalyst Bioscope instrument. The gel sample 
was soaked in cell culture medium (DMEM/F-12) at room tem-
perature for all measurements. The deflection sensitivity of each 
MLCT-Bio cantilever was measured against a glass cover slide, and 
the spring constant was obtained by thermal tuning. Sneddon in-
dentation model (cone indenting infinite half-space) was used to 
fit force-indentation curves for calculating elastic moduli.

Immunocytochemistry
Samples were fixed by incubating with 4% paraformaldehyde in 
phosphate-buffered saline (PBS) for 15 min at room temperature. 
After thorough washing with PBS, the fixed cells were permeabi-
lized and blocked with Triton X-100 (0.3 %) and bovine serum 
albumin (3%) in PBS for 35 min at room temperature (RT). Then, 
the samples were incubated at 4°C for 48 hours with the following 
primary antibodies: mouse anti-tubulin 3 (1:1000; BioLegend), 
rabbit anti-GFAP (1:1000; Abcam), rabbit anti-Egr1 (1:1000; Cell 
Signaling Technology), and rabbit anti–-catenin (Cell Signaling 
Technology). After washing with PBS, the resulting samples were 
stained with goat anti-rabbit immunoglobulin (IgG) [heavy and light 
chains (H + L)] secondary antibody or Alexa Fluor 546 (Invitrogen), 
goat anti-mouse IgG (H + L) secondary antibody, and Alexa Fluor 
633 conjugate (Invitrogen) for 40 min at RT. Nuclei were labeled with 

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia B
erkeley on A

pril 15, 2022



Baek et al., Sci. Adv. 8, eabm4646 (2022)     15 April 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 15

4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich), and F-actin 
was labeled with Alexa Fluor 546 phalloidin (Thermo Fisher Scien-
tific) if necessary. All fluorescence images were taken using Prairie 
Technologies 2-photon and confocal microsope, QuantEM 512SC 
camera, 60× and 40× objective lenses, and native Prairie View soft-
ware and visualized by z-stack mode. All the image analysis and pro-
cessing were performed with ImageJ and Imaris.

Sectioning samples
After fixation, the hydrogels containing cells were embedded in op-
timal cutting temperature compound (OCT compound)-compound 
solution (Tissue-Tek) at −80°C for 30 min and sectioned to the thick-
ness of 15 to 30 m via a cryostat NX50 (Thermo Fisher Scientific). 
Sectioned samples were used to characterize -catenin nuc/cyt ratio 
and measure actin intensity after immunostaining.

Blocking cell-ECM interactions
For blocking RGD-binding integrins, NSCs were preincubated for 
30 min with 500 g of RGD sequence–containing peptide (GRGD-
SP, Bachem) and control (GRADSP, Bachem) before encapsulation 
with hydrogel. After encapsulation, mixed differentiation media 
containing the peptides were added to each well. Optimal concen-
tration of the peptides was determined by cell adhesion assay. The 
peptide-treated cells with varied peptide concentrations were 
seeded onto the RGD peptide–ligated (1 mM) HA-DBCO hydrogels 
(1 kPa). After 24 hours, the samples were washed twice with PBS, 
and the number of adhered cells was counted for each concentra-
tion condition. For inhibiting the protein secretion of cells, 150 M 
2-(4fluorobenzoylamino)-benzoic acid methyl ester (Exo-1; Sigma- 
Aldrich) dissolved in DMSO was used to treat the cells in mixed 
differentiation medium right after encapsulation. DMSO treatment 
was performed for control. The optimal concentration of Exo-1 
was obtained by LIVE-DEAD assay with varied Exo-1 concentra-
tions after 24 hours.

RNA isolation and qPCR
NSCs were extracted from HA-DBCO gels by incubating the gels 
in DMEM/F-12 containing hyaluronidase (750 to 3000 U/ml; 
Sigma-Aldrich) for 30 min at 37°C. The suspensions were centrifuged 
at 200g for 2 min to pellet cells and washed with PBS. Phenol-free 
total RNA was extracted from the cell pellets using RNeasy Plus 
Micro Kit with gDNA eliminator columns (Qiagen) following the 
manufacturer’s protocol. After measurement of total RNA concen-
tration, 600  ng of RNA was converted to cDNA using an iScript 
cDNA synthesis kit (Bio-Rad). Obtained cDNA was used for SYBR 
Green (Bimake) quantitative PCR (qPCR) with a 5 M final for-
ward and reverse primer concentration. Primer sequence was listed 
in table S1. qPCR was conducted for 34 cycles in a CFX Connect 
real-time PCR system (Bio-Rad). RNA level analysis was performed 
by the ddCt method, and each gene expression was internally nor-
malized by the expression level of housekeeping gene (S18) (58) run 
on the same qPCR batch.

RNA-seq and data analysis
RNA was isolated and purified as described above with two biological 
replicates per each hydrogel condition (RGD−/soft, RGD−/stiff, 
RGD+/soft, and RGD+/stiff). RNA integrity number (RIN) was 
assessed by using an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies), and the high quality of RNA (RIN ≥ 9.8) was used. RNA-seq 

library preparation and batch-tag-RNA-seq (3′-tag-seq gene ex-
pression profiling) were carried out by the DNA Technologies and 
Expression Analysis Core at the University of California, Davis 
Genome Center. The reads were initially trimmed using BBDuk to 
remove Illumina adapters and to filter low-quality reads. The samples 
were then aligned to ratRibosomal genes using bbmap to remove 
ribosomal contaminated RNA. Any samples less than 21 bases were 
removed using BBDuk. Read quality analysis was performed using 
FastQC to assure that there was a Phred score >28. The reads were 
aligned to the Rattus norvegicus genome (rn6) using hisat2 v2.1.0. 
Then, the aligned reads were converted to counts using htseq. 
Normalization and differential expression analysis were conducted 
using DESeq2 and other Bioconductor packages in R. DEGs were 
determined with the condition of P value less than 0.05. Heatmaps 
and volcano plots were also obtained by Bioconductor packages in R.

Western blotting
NSCs embedded in HA-DBCO hydrogels were isolated by treating 
hyaluronidase (750 to 3000 U/ml; Sigma-Aldrich) at 37°C for 
30 min as previously described above. Total protein was extracted 
from the cell pellet washed with PBS once by lysing with radio-
immunoprecipitation assay lysis buffer (Sigma-Aldrich) containing 
Halt proteinase and phosphatase inhibitor cocktail (Thermo Fisher 
Scientific) on ice for 10 min. The protein concentration was deter-
mined by bicinchoninic acid (BCA) assay with Pierce BCA protein 
assay kit (Thermo Fisher Scientific), and samples were normalized 
with respect to protein content. Proteins were separated via SDS–
polyacrylamide gel electrophoresis and transferred onto nitrocellulose 
membranes (0.22 m; Odyssey). Membranes were blocked in a 
tris-buffered saline (TBS) blocking buffer (Odyssey) for 40 min and 
incubated with primary antibodies [rabbit anti-Egr1 (1:1000; Cell 
Signaling Technology), mouse anti-YAP (1:1000; Cell Signaling 
Technology), rabbit anti-Axin1 (1:1000; Invitrogen), and mouse 
anti–-actin (1:10000; Sigma-Aldrich)] overnight at 4°C. Then, the 
membranes were washed with TBST and treated with biotinylated 
secondary antibodies [goat anti-rabbit IgG H + L (biotin) (1:10,000, 
Abcam) or goat anti-mouse IgG H + L (biotin) (1:10,000; Abcam)] 
and streptavidin-conjugated fluorescent label [Streptavidin, Alexa 
Fluor 790 conjugate (Invitrogen) or Streptavidin, Alexa Fluor 700 
conjugate (Invitrogen)], sequentially. The membranes were washed 
with TBST and imaged by Odyssey CLx (LI-COR Biosciences).

shRNA cloning
shRNA inserts were designed with Age l– and Eco RI–based overhangs 
using Ensembl genome browser and the online tool, InvivoGen. 
shRNA targeting rat Egr1 (shEGR1-1, GCCGAGATGCAATT-
GATGTCT; shEGR1-2, GTCGAATCTGCATGCGTAATT) and a 
scramble control (GTCGGCTACGAAGGTATTCTA) were obtained 
from Elim Biopharmaceuticals. The inserts were ligated into the 
pLKO.1 puro vector (plasmid no. 10878, Addgene).

Viral packaging and transduction
Lentiviral particles were packaged in human embryonic kidney 
(HEK) 293 T cells with psPAX2 and pMD2.G through polyethylenimine 
(PEI) transfection and purified as previously described (59). Puri-
fied viral particles were transduced to the NSCs with a multiplicity 
of infection (MOI) of 1, and shRNA-expressing cells were selected 
using puromycin (1 g/ml) longer than 4 days. Retroviral vectors were 
packaged in HEK 293 T cells with Gag/pol and VSV-G through PEI 
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transfection with plasmids for Egr1 overexpression (pMXs-hs-EGR1, 
plasmid no. 52724, Addgene) and control (pMXs-puro GFP-p62, 
plasmid no. 38277, Addgene). NSCs were infected with the result-
ing vectors at an approximate MOI of 1 (titering of the virus was 
carried out with pMXs-puro GFP-p62 by puro-based selection).

Nuclear to cytoplasmic ratio quantification
Images from 30-m sectioned samples costained for total -catenin 
and total YAP, nuclear staining, and F-actin staining were used to 
quantify -catenin and YAP nuclear-to-cytosolic ratio based on 
fluorescence intensity. Binary masks of the nuclei and actin were 
obtained from DAPI and phalloidin images and superimposed each 
other to create masks that contain the cytosol but exclude the nucleus. 
Then, the total -catenin fluorescence intensity was quantified in 
these regions, and their ratio was calculated followed by normaliz-
ing to the area of each domain

         − Catenin   nuc ─ cyt   ratio =   
 integrated intensity of nuclear  − catenin   ________________________  area of nucleus  

   ──────────────────   
 integrated intensity of cytosolic  − catenin   _________________________  area of cytosol  

    

Luciferase assay
Naïve NSCs and Egr1 KD NSC cell lines were transduced with a 
lentiviral construct encoding a 7xTFP T cell factor/lymphoid enhancer 
factor (TCF/LEF) luciferase reporter, which represents -catenin–
TCF/LEF–based transcription. Cell pellets from the cells encapsu-
lated with HA-DBCO gel under each condition were obtained after 
3 days of encapsulation/differentiation as described above. The cell 
pellets were washed with PBS once, lysed with lysis buffer (Promega), 
and centrifuged to pellet debris. Suspensions were loaded to each 
well of a white opaque 96-well plate, and Luciferase Assay Reagent 
(Promega) was treated right before detection. Luminescence inten-
sity was detected via SpectraMax luminometer (Molecular Devices) 
and normalized to total protein concentration obtained through 
BCA protein assay (Pierce) to consider the variation of proliferation 
between samples.

Image analysis
Actin intensity was quantified by extraction of intensity line scans 
perpendicular to the membrane by linearizing of the cell edges 
using Fiji. Rhodamine phalloidin–stained fluorescence images for 
the cells encapsulated within 3D gels for 5 hours after gel sectioning 
were used for the analysis. Obtained intensity line scans were fitted, 
and then the peak intensity was measured through Origin data 
analysis software to quantify actin intensity. Full width at half 
maximum of the Gaussian whose peak was located closest to the 
center of the line was used as a measure of thickness by Origin. 
Cellular volume was measured by using Imaris 3D imaging software. 
Fluorescence images showing 3D rendering of single NSCs stained 
with cell membrane dye (R18) were used to quantify the volume.

ABAQUS simulation
To analyze the stress distribution of the hydrogel with the growth of 
the cell, the finite element analysis was conducted using a nonlinear 
static solver in ABAQUS 6.14. The sphere-shaped cell and the 
hexahedron-shaped hydrogel were modeled as a 3D deformable 
solid, and the cell was designed to be located at the center of the 
hydrogel. The experimentally obtained cellular volume was used as 
cell sizes, and the length of each side of the hydrogel was assumed as 

100 m. The element type of the cell and the hydrogel was a C3D20R 
(a 20-node quadratic brick, reduced integration). The elastic modu-
lus of the hydrogel, assumed to be isotropic, was obtained with its 
shear modulus and Poisson’s ratio: E = 2G(1 + ). For the calculation, 
the shear modulus values of each hydrogel obtained by rheometer 
were used, and the Poisson’s ratio was assumed to be 0.49. Mean-
while, the elastic modulus and Poisson’s ratio of the cell were desig-
nated to have constant values of 500 Pa and 0.49, respectively.

Inhibition experiments
To inhibit myosin II, FAK, and actin assembly, NSCs were preincu-
bated with blebbistatin (1 M; Sigma-Aldrich), PF-573228 (0.5 M, 
Sigma-Aldrich), and cyt D (1 M, Sigma-Aldrich), respectively, for 
20 min. Right after gelation, these were added to the media with the 
same concentration under the spontaneous differentiation condition. 
Then, the cells were harvested after 5 hours to investigate whether 
each inhibition affect Egr1 mRNA expression. JIB-04 (3 M; Cayman 
Chemical Company), pan-selective Jumonji histone demethylase 
inhibitor, was treated to cell media right after encapsulation of 
NSCs with 3D gels to see the effect of H3K9me3 on Egr1 expression.

H3K9me3 quantification
Histone lysates were isolated from the cells (1 × 106) incubated 
within each hydrogel for 3 hours under differentiation condition by 
Epiquik Total Histone Extraction Kit (Epigentek), and the quantifi-
cation of H3K9me3 level was performed with EpiQuik Global 
Tri-Methyl Histone H3K9 Quantification Kit (Epigentek) following 
the protocols provided by the manufacturer.

Statistical analysis
All the quantitative data were presented as the means ± SD, and the 
number of biological and technical replicates is indicated in the 
figure legends and Materials and Methods. One-way analysis of 
variance (ANOVA) followed by Tukey test and Student’s t test for 
between-group differences were performed with GraphPad Prism 
as indicated in the figure legends.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm4646

View/request a protocol for this paper from Bio-protocol.
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